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TORSIONS AND THEIR ANALYSIS 

By R. SNOW 

Fellow of Magdalen College , Oxford 
(With 9 figures in the text) 

1. Introduction 

H ow do petioles, flower stalks, dorsiventral stems and other dorsiventral 
organs carry out the torsions by which they orientate themselves to light 
and gravity? A very full and valuable discussion of this rather neglected 
problem, with references to earlier work, has been given by Rawitscher (1932), and 
some experiments by Staub (1934) will be discussed at the end of the present paper. 
Rawitscher concludes that these torsions cannot in general be explained as due to 
two successive curves in different planes: for though two such curves can cause 
torsions, yet many organs carry out torsions while remaining practically straight. He . 
rejects also various other early attempts to explain these torsions, and concludes 
(pp. 201 seq.) that the only adequate explanation is that when the organ is stimu- 
lated, its cells elongate obliquely, in directions which form helices round the long 
axis of the organ, instead of elongating parallel to that axis. It must further be 
supposed that the helices may be either right-hand or left-hand according to the 
direction in which the stimulus is acting, since in nature the organs always twist 
into the correct orientation to the stimulus by the shorter way round. This con- 
clusion agrees with that of Frank (1870). 

The question next arises whether this puzzling oblique elongation of the cells 
can be analysed and shown to result from simpler processes, and so be made easier 
to understand. Rawitscher (p. 203) considers that such an analysis can be sug- 
gested, and he bases it on certain ideas by which Sachs (1879) tried to make plagio- 
tropism easier to understand, and which were in turn derived and modified from 
an earlier hypothesis of Stahl (1877). Sachs suggested that a plagiotropic and dorsi- 
ventral organ, like the thallus of a liverwort, might be considered as if made up of a 
number of orthotropic ‘ elements 9 of some kind, which normally stand erect. These 
elements, which may be thought of most easily as being like little seedlings, must 
react to stimuli of light and gravity, like shoots in their upper parts and like roots in 
their lower, parts. If now the whole plagiotropic organ is stimulated by light or 
.gravity from one side, its response can be understood as resulting from the inde- 
pendent orthotropic reactions of the ‘elements* within it. 

Rawitscher starts with a similar idea in trying to analyse the torsions, and first 
suggests that a dorsiventral and normally horizontal organ, such as a dorsiventral 
shoot, may be thought of as containing a row of erect orthotropic elements standing 
in the dorsiventral plane of the organ. These are represented in Fig. 1 as if they 
were little seedlings. If now the whole organ is rotated through, say, 90°, as in 
Fig. 2, the elements within it will tend to curve up at their tips and down at their 
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bases by geotropism (Fig. 2), and so, since the whole organ is fixed at one end and 
free at the other, they will force it to twist back into its normal orientation. This 
hypothesis might be developed further, in accordance with the ideas of Stahl and 
Sachs, by supposing that each transverse section of the whole organ contains not 
one but many orthotropic elements, as in Fig. 3. Naturally the curvatures of the 
orthotropic elements would be due to differences between the rates of growth on 
their two sides. 

However, Rawitscher, who is not satisfied with this first hypothesis, prefers to 
modify it in a different way, and so suggests what is in effect a second hypothesis, 

which will be discussed in § 8. He also '"rw p ^ 

considers that the supposed changes in the JxX j V 

planes transverse to the | j 1 ] I [ 1 


rates of growth in 
long axis of the whole organ, such as cause 
the curvatures of the orthotropic elements, 
will divert the normal elongation of the 
organ which is going on at the same time, 
and cause its cells to elongate obliquely: 
and in this way he is able still to regard 
oblique elongation as being the immediate 
cause of a torsion, although according to 
his analysis the oblique elongation depends 
in turn on the transverse growth changes 
which are the primary growth responses to 
the stimulus. 

In any case all these hypotheses have 
in common the point that the primary 
growth responses to the stimulus are sup- 
posed to be changes which take place in 
each transverse section of the whole organ 
and in directions transverse to its long 
axis; and they will therefore be called the 
* transverse growth 5 hypotheses. 

Instead of these hypotheses it might 


buted, is primary and results directly from Figs * 2 > 3 are explained in the text. 1 and 
the properties of the organ. On this view, 2 33:6 copied from Rawitscher 
which is that of Schwendener & Krabbe (1892), it would have to be supposed 
that when a horizontal leaf, for example, is illuminated from, say, the left as seen 
rom its tip, then the cells of the petiole react by elongating obliquely in direc- 
ions which form helices running in the one sense (right-hand) round the central 
axis of the petiole; whereas if the leaf is illuminated from the right, then the cells 
elongate along eft-hand helices. For these reactions very complex properties would 
be needed in the organ concerned, but perhaps not much more complex than for 
he lateral geotropism of winding shoots, which is now well established. An hypo- 
thesis of this kind will be called for short an ‘oblique elongation’ hypothesis, and 
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will be contrasted with the ‘transverse growth* hypotheses. For on the latter the 
oblique elongation of the cells, though it does take place, is not the primary 
reaction. 

Now it is possible by a simple experiment to exclude for any given organ either 
the one kind of hypothesis or the other, and such an experiment on various organs 
will be reported in the present paper. An organ which responds by active torsions 
to stimuli of light or gravity will be called photostrophic or geostrophic, in agree- 
ment with Czapek (1898, p. 273). 

2. Principle of the experiment 

If a negatively geotropic shoot is placed horizontal and fixed at its tip, but left 
free at its base, it curves so as to point its basal end upwards, and so orientates itself 
the wrong way up. Correspondingly, if one rotates through 90° a geostrophic 
dorsiventral organ, such as a leaf or a lateral shoot, and if one fixes it at its tip but 
leaves it free at its base, will it twist the same way as when fixed at the base, or the 
opposite way? On the ‘transverse growth* hypothesis (Figs. 1, 2) it should still 
twist the same way when fixed at the tip, by which is meant that it should bring 
the correct face uppermost by twisting the shorter way round, through 90°. For 
on this hypothesis the changes in rates of transverse growth in each transverse 
section of the organ are primary, and must therefore take place in the same way 
whichever end is fixed: and in doing so they will make the organ twist the same way, 
though the helix which will be formed in consequence by any previously straight 
longitudinal line on its surface will run in the opposite sense if the tip is fixed 
instead of the base. But on the ‘oblique elongation* hypothesis the primary 
response is that the cells elongate obliquely in directions forming parallel helices of 
which the sense is determined by the direction of the stimulus. So the cells must 
do this just the same whichever end of the organ is fixed; and if they elongate along 
helices of the same sense when the tip of the organ is fixed instead of the base, 
then the organ will twist the opposite way. 

One can easily see that this is so if one makes tests with a dry half pea or bean 
pod, which coils itself (by oblique contraction of dry cells) into a helix of which the 
sense is structurally determined. If now one straightens out the half-pod by 
pulling its ends, and if one then lets go one end, the half-pod inevitably coils itself 
again into a helix of the same sense whichever end one lets go: but the direction in 
which it rotates in so doing is opposite according as one lets go the one end or the 
other. 

Of course the explanation is that the direction of the force due to the oblique 
elongation or contraction depends on the end which is held firm. If then one 
resolves this force into one component parallel to the long axis and another tan- 
gential to the axis, it is the latter which causes the torsion, and its direction also is 
opposite according as one end of the organ or the other is held firm. So the 
expectation is quite different from what it is on the ‘transverse growth* hypotheses, 
according to which the direction of the tangential force must be the same whichever 
end is held firm. 

On the ‘oblique elongation* hypothesis, therefore, a geostrophic organ placed 
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on one side should twist in the opposite direction if fixed at the tip instead of the 
base, and so should bring its normally lower face to the top. It should then con- 
tinue to twist, if still capable of doing so, and should pass through the inverted 
position as being presumably one of labile equilibrium, and come to rest in the 
normal position, having reached it by twisting the long way round, through 
270°. . ■ _ ■ ' ■ ‘ 

It seems not to have been noticed that this simple experiment should give opposite 
results on the two hypotheses. Indeed, Rawitscher 1932 states (p. 203), without 
giving details, that an organ fixed at the tip twists the opposite way to the normal, 
although if it does so this is inconsistent with his own hypothesis. For convenience 
an organ which twists in such a direction that it approaches the correct orientation 
to the stimulus by the shorter way round will be said to twist in the ‘normal’ 
direction, and the opposite direction of twist will be called the ‘abnormal’ direction. 
In natural conditions strophic organs always twist in the ‘normal’ direction. 


3. Methods 

The experiments were performed on the young growing pinnate leaves of 
Spiraea Aitchisoni , ash and a few other woody species, and also for comparison on 
leaves of Phaseolus multiflorus and leaflets of Wistaria sinensis, which respond by 
movements of pulvini. The leaves were cut off at the base and arranged horizontally 
or nearly so, but ‘on edge’ — that is, after being rotated through 90° — so that they 
were stimulated by gravity. They were fixed at the required points, usually by 
being attached to glass weights with strips of plasticine. With the growing leaves 
the plasticine was put either round the basal end of the petiole or else round a 
zone of the rachis near its apical end, but not quite at the end since the end part was 
too thin and weak. So when the attachment was near the apical end there usually 
remained two pairs of leaflets above it. With the leaves that had pulvini the plasti- 
cine was applied immediately below or above the reacting pulvinus. The leaves were 
supplied with water in one of two ways : either the base of the petiole was depressed 
a little so that it dipped into a film of water on a plate, while the rest of the leaf was 
in damp air, the whole being under a bell-jar, or else the whole leaf was submerged 
in a basin of water. The second method usually seemed the better. 

The basin with the submerged leaves was placed in a greenhouse in which the 
light came fairly evenly from all sides, the direct sunlight being partially screened 
by a blind on one side. In order further to diminish any complications from one- 
sided stimulation by light in directions other than that of gravity, the basin was 
turned at intervals, so that the bases of the leaves were kept pointing towards the 
sun. So the strophic stimulus of light acted mainly from above, in the same 
direction as gravity. In any case it seemed that with the leaves of these species the 
strophic effect of light was much less than that of gravity. The leaves in damp air 
usually needed to be shaded completely from direct sunlight. The leaves other than 
those with pulvini responded only while still growing, and they were taken when at 
about one-third of their final length. All the leaves responded best in sunny 
weather. 
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4. Results with growing pinnate leaves 

The growing pinnate leaves which were placed ‘on edge* and attached by a 
zone near the apical end of the rachis all twisted in the normal direction in the part 
of the rachis below the attachment, just as they did in the short part above the 
attachment, except for some that failed to twist at all. Those which were attached 
at the base as controls naturally twisted in the normal direction also, and they too 
did so by means of the rachis. 

Thus out of fourteen leaves of Spiraea Aitchisoni attached near the tip, one 
failed to twist, and thirteen twisted in the normal direction below the attachment, 
through angles ranging from 10 to 50°, with a mean of 27 0 . Seven of these twisted 
30° or more. 

Also out of seventeen leaves of ash attached near the tip, eight failed to twist, 
and nine twisted in the normal direction below the attachment, through angles 
ranging from 30 to 70°, with a mean of 44 0 . From these results a few leaves have 
been omitted which failed to twist, probably because they were set up in dull 
rainy weather. The torsions in these two species sometimes reached their maximum 
in 7 or 8 hr. of a sunny day, but more often they needed 24 hr., and sometimes even 
more. That the torsions did not reach 90° was probably due to some lack of vigour 
in detached leaves. 

A few leaves of other species were' tested similarly. Four leaves of Wistaria 
sinensis twisted in the normal direction below the attachment, through 65, 40, 40 
and 30° in 6 hr. Two leaves of Koelreuteria paniculata twisted similarly below the 
attachment, through 30 and 25 0 in 24 hr., and three of walnut through 20, 15 and 
1 5 0 in 24 hr. Wistaria seems to react the best of all. 

The above results exclude for these five species the hypothesis that oblique 
elongation of cells is primary, and they are consistent with a ‘transverse growth’ 
hypothesis. 

5. The question of complications due to curvatures 

It may, however, be suggested that the torsions made by the growing pinnate 
leaves placed on edge were the effects of successive curves in two different planes 
due to negative geotropism and epinasty: for by placing a leaf on edge one separates 
these two factors which previously were balanced against each other. 

Now actually of the nine ash leaves which twisted below the attachment only 
one made a slight negative geotropic curve, though most of them made quite 
strong epinastic curves, beyond those which they had made previously. Also of the 
Spiraea leaves which twisted only a few made slight negative geotropic curves, and 
the majority none at all. The leaves of walnut, Koelreuteria and Wistaria made no 
negative geotropic curves, while those of Koelreuteria and two of those of Wistaria 
made no epinastic curves either, and had not been curved by epinasty at the start, 
or scarcely at all. Thus most of the leaves which twisted did not at any time make 
curves in two planes, and some of them were practically straight all the time. 

But even when there were curves in two planes, did these curves tend to cause 
torsions in the directions actually observed? If one takes a young pinnate leaf with 
an epinastic curve, and if one imposes on it a curve in the transverse plane by 
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holding one end and pressing the other end to one side, one can easily see that the 
leaf twists in a direction such that the convex side of the second curve moves 
round by the shorter way towards the concave side of the first curve. Now in the 
above experiments the leaves were mostly a little curved by epinasty at the start. 
So in those few which curved slightly by negative geotropism when placed on 
edge, this second curve must have tended to make them twist in the opposite 
direction from that in which they actually did twist. 

6. Experiments on. leaves with pulvini 

For comparison with the experiments on growing pinnate leaves, corresponding 
experiments were performed on full-grown or nearly full-grown leaves and leaflets 
which respond by movements of pulvini. The leaves tested were mostly the simple 
primary leaves of seedlings of Phaseolus multiflorus , which respond by means of a 
pulvinus at the top of the petiole just below the leaf blade. Occasionally the terminal 
leaflets of later leaves of the same plants were used instead, after removal of the 
two lateral leaflets: these leaflets also respond by a pulvinus just below the blade. 
The leaves were arranged ‘on edge’ and kept submerged, being attached to weights 
by loops of plasticine placed either just below or just above the active pulvinus. 
The weather was warm and sunny. 

Out of fourteen leaves or leaflets of Phaseolus which were attached just above the 
active pulvinus, one failed to twist and in thirteen the pulvini twisted in the 
abnormal direction through angles ranging from 8 to 35 0 , the mean being 19 0 . In 
all but three of the leaves these angles were reached on the first day, after periods 
of from 7 to 10 hr. Only one of these leaves made a slight negative geotropic curve. 

In three other leaves which were attached just below the active pulvinus, this 
pulvinus naturally twisted in the normal direction, the angles reached being 45, 25 
and 1 5 0 after 9 hr. 

It also seemed of interest to test the secondary pulyini of Wistaria sinensis , 
which orientate the leaflets, since the growing main rachis in this species amongst 
others had been found to twist in the normal direction when fixed apically: (the 
main pulvinus does not twist, or not much). So leaves of Wistaria with leaflets 
expanded but not fully mature were cut up into pieces of rachis each carrying one 
pair of leaflets. The pieces were arranged under water with the leaflets ‘on edge’, 
and were attached to weights either just below the pulvini, by a loop of plasticine 
placed round the main rachis just below them, or else just above a pulvinus by 
plasticine placed round the basal part of the blade, of a leaflet. 

After 8 or 9 hr. the pulvini of six leaflets which were attached above them had 
all twisted in the abnormal direction, the mean angle of twist being 12*5°, and the 
extremes 10 and 15 °. 

Six pulvini which were attached below had all twisted in the normal direction, 
the mean angle being zi\ and the extremes 15 and 25 0 . None of these leaflets 
made more than a very slight negative geotropic curve, if any. 

Thus pulvini, in the two species tested at least, respond, when the point of 
attachment is above them (or more strictly ‘distal’ to them) by twisting in the 
abnormal direction, and so in the opposite way to the growing pinnate leaves; and 
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this excludes any kind of 'transverse components ’ hypothesis for them, and is 
consistent with an hypothesis of oblique elongation, or rather expansion. 

7. A SEARCH FOR ANATOMICAL EVIDENCE 

A search was also made for anatomical evidence bearing upon the 'transverse 
growth ’ hypothesis. In transverse sections of leaves of a weeping ash, which had 
twisted very sharply in response to gravity, nothing unusual was seen. So since 
any anatomical changes might have been 'used up 5 in causing torsions, arrange- 
ments were made to stimulate pinnate leaves by gravity for long periods, while 
they were mechanically prevented from twisting. For this purpose a shoot of 
common ash, still attached to the plant, was bent down to the horizontal, and a 
pair of young leaves which were now horizontal and ' on edge J were pressed forwards 
so that they met beyond the shoot apex, and were then bound firmly together with 
the dorsal surfaces of their petioles and rachises in contact, by means of a number of 
bast ties at fairly close intervals. Also young leaves on a plant of Spiraea Aitchisoni , 
which were horizontal and 'on edge’, were bound similarly to nearly opposite 
older leaves. After several days or longer the leaves were cut off and fixed in alcohol 
while still bound together. 

Some of these leaves which had been left to be stimulated for 6 or 7 days 
showed nothing unusual in transverse sections of the rachis, but a young leaf of 
Spiraea which had been left for 17 days showed changes which were striking but 
difficult to interpret. Figs, 4-6 . show transverse sections through the apical, 
middle and extreme basic levels of a young 'leaf intemode’ — that is, of a portion of 
the rachis between two pairs of leaflets. The sections are drawn with the dorsal 
face uppermost, and the side which was on top during the stimulation is on the 
left. The sections were made through the short zones, only 2 or 3 mm. long, 
between the bast ties : the zones constricted by the ties had not changed so much. 
Figs. 8 and 9 show for comparison sections through the apical part and the extreme 
base of an ' internode * of a normal leaf. 

It can be seen that the sections of the stimulated leaf shown in Figs. 4 and 5 
are asymmetric, the cortex having apparently shifted round a little in the normal 
direction relatively to the stele. To make this clear the median dorsiventral planes 
of the stele and of the whole petiole are marked with straight lines. Fig. 6 is less 
asymmetric. 

It can also be seen that in Figs. 4 and 5 the cortex on the side which was the 
lower during stimulation (that of quadrants 2 and 4 in- the diagram, Fig. 7) has 
greatly enlarged — in Fig. 5 more strongly in quadrant 2— whereas in Fig. 6, 
showing a section from the base of a leaf internode, it is the cortex of the dorsal 
quadrants, 2 and 1, which has enlarged, as is clear on comparison with Fig. 9. This 
curious and unexplained difference between the reaction of the extreme base of a 
leaf internhde and that of its other levels was found in the neighbouring leaf 
internode also. In the enlarged regions of cortex all the cells were very much 
enlarged. The enlargement of the cortex of the lower side may possibly have been 
due to negative geotropism rather than to the geostrophic stimulus. But as against 
this, the negative geotropism of these leaves when 'on edge’ is feeble, and it anyhow 
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cannot account for the fact that at the base of each leaf internode it was quadrants 2 
and 1 that enlarged. 

In tangential sections through the side that had been the lower it was seen that 
in the enlarged cortex the originally longitudinal rows of cells had been thrown 
into wave-like folds, and these looked as if they were due to the mechanical con- 
straint which had prevented the cortex from elongating. The folding was stronger 
in quadrant 2 than 4, and the stele was completely unaffected. Whether the folding 
had anything to do with the strophic stimulation is uncertain. 

8. Discussion 

The results of the experiments with growing pinnate leaves of woody plants, 
of which the rachis twisted in the normal direction when fixed apically instead of 
at the base, exclude for the species tested the hypothesis that an oblique elongation 
of cells is primary, and are favourable to a Transverse growth* hypothesis for the 
reasons given in § 2. They also make it seem probable that the pinnate leaves of 
most other woody species would respond similarly. But in the leaves with pulvini, 
the pulvini twisted in the abnormal direction when fixed apically, and it therefore 
seems that their torsions must be brought about in quite a different way from those 
of the growing pinnate leaves, even apart from the difference between movements 
due to growth and those due to changes of turgor. The responses of the pulvini 
are consistent with an hypothesis of oblique expansion of cells. 

But this is not the end of the complication: for it cannot safely be concluded 
that even growing leaves of other kinds would all react similarly to the pinnate 
leaves of woody plants. Indeed some incomplete experiments on simple leaves of 
herbs of Labiatae, which twist by means of the petiole, have already suggested that 
these follow the same rule as the pulvini. 

However it is still of interest that at least one group of leaves does respond in the 
sense to be expected on the Transverse growth* hypotheses, and for these leaves 
therefore these hypotheses must be taken seriously. A few comments may here be 
made on the comparative merits of the first and second of these hypotheses set out 
by Rawitscher 1932. The first hypothesis, described in § 1, has the- advantage that if 
it is extended by supposing that each transverse section of the organ contains many 
parallel orthotropic 4 elements * as in Fig. 3, then it can be applied not only to torsions, 
but also to plagiotropism, and to the curvatures of the laminae of leaves described 
by Raydt (1925), if the laminae are supposed to contain similar elements. But it is 
rather opposed to the observations of the last section on the leaf in the constrained 
position, since in most parts the cortex of the lower side alone showed growth 
changes — unless indeed these changes had really nothing to do with the strophic 
stimulation. 

However, Rawitscher, who calls this first hypothesis inadequate, does not con- 
sider extending it in the manner of Fig. 3. Instead he suggests (p. 205) that the 
whole of each transverse section of the main organ is polarized in the dorsiventral 
direction, in such a way that its dorsal half responds to stimuli like an orthotropic 
stem, and its ventral half like a root. So his second hypothesis may be derived 
from the first one by imagining that each of the orthotropic elements shown in a 
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single row in Fig. r is expanded laterally until it fills a whole transverse section. If 
now the whole organ is placed one on side — say, on the side which is on the right 
in Fig. 7 — then it is to be expected that the lower dorsal quadrant (2 in Fig. 7) and 
the upper ventral quadrant (3 in Fig. 7) will grow more than the other two, and 
this may lead to a torsion. Rawitscher supposes indeed that the increase in growth 
in these two quadrants takes place in tangential directions, but it would surely be 
more consistent with the supposed orthotropic properties of the transverse sections 
if it took place in directions parallel to their axes of polarity, which stand in the 
dorsiventral plane of the whole organ: and if it did so, then it would seem more 
likely to cause a torsion (compare Fig. 2). 

Rawitscher also considers that the normal elongation of the whole organ is an 
essential part of the process and. combines somehow with the supposed transverse 
growth changes in causing the torsion : but to the writer it seems that the normal 
elongation cannot really make any difference to the tangential forces due to the 
transverse changes. Of course if the cells are elongating, the tangential forces will 
divert their elongation into oblique directions. But these forces are surely in 
principle just as well able to cause a torsion if the cells are not elongating. Un- 
fortunately Rawitscher’s second hypothesis is not well supported either by the 
preliminary observations of the last section. Probably still other forms of ‘trans- 
verse growth’ hypothesis could be suggested. 


9. A NOTE ON SOME EXPERIMENTS BY STAUB 

Staub (1934) has reported some surprising and puzzling results of experiments 
concerning torsions, and it seems necessary to consider these briefly, though a 
thorough review would be too lengthy. Rawitscher (1937) has discussed them 
briefly already. Staub states that stalks of the objects tested by her, when cut off 
without laminae, left free at both ends and laid on one side or reversed on a glass 
plate, rotate by the shorter way round until the dorsal side is on top. Then they 
usually stop (p. 21 1), but sometimes they pass this position and go on rotating 
until they have transported themselves laterally for distances up to five diameters 
(P- 2 3S)- They do not make torsions when free to rotate, but only when fixed at the 
base; and Staub therefore concludes that the tendency to rotate is primary, and that 
torsions result merely from the resistance to rotation which is caused by an attach- 
ment at one end. The stalks rotate even if they are not supplied with water, and 
even if they are not growing, or not appreciably, and sometimes even if they are 
deprived of cortex in one zone: but they do not rotate or make torsions unless 
lairly mature. Some other surprising results are reported also (pp. 221, 223). By 
way of contrast it may be mentioned that the ash leaves tested by the writer respond 
by twisting even when very young (leaves of weeping ash begin to twist when i-e 
or 2 cm. long) that they twist only while still in the growing stage, and that they 
do not twist if the leaflets are removed, though they may still grow a little. 

1 he objects tested by Staub were hypocotyls of sunflower seedlings, leaves and 
occasionally flowers of Viola canadensis and V. odorata, and less frequently flower 
buds of species of poppy. The first of these objects was strangely chosJn For 
sunflower hypocotyls are orthotropic, and not in any obvious way dorsiventral, 
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whereas only plagiotropic and dorsiventral organs carry out orientation torsions or 
strophisms . However Staub claims that the hypocotyls were physiologically 
dorsiventral as a result of curvatures, which were either the original plumular 
hooks or more often curvatures previously induced by tropic stimulation; and she 
states that the convex side was physiologically dorsal. But if so, then during the 
experiment gravity must have been inducing a new dorsal side, at least in the rooted 
hypocotyls with which she also worked (for these must have made a second curve), 
and the conditions must have been very complicated. 

The violet leaf stalks were of course plagiotropic and dorsiventral, but in these 
Staub sometimes made the ventral surface convex by a previous tropic; stimulation 
(P- 2I 5 )> an d the stalks then rotated as if the ventral surfaces were now physio- 
logically dorsal. But in nature the leaf stalks of violets and other plants are some- 
times curved with their ventral surfaces convex, and yet they do not twist so as to 
turn themselves and their laminae upside down ! This result therefore suggests the 
question whether Staub’s results, if they can be confirmed, have really anything to 
do with the strophisms. 

Another puzzling point is that it is very difficult to balance curved hypocotyls 
and stalks on a flat surface with their convex surfaces uppermost, if one tries to do 
so with one’s fingers. Yet we are told (p. 211) that most of them did stop in this 
position after rotating, and nothing is said to explain how this was possible. 

Staub seeks to explain the rotations as due to some hygroscopic mechanism in 
the stele (pp. 225 seq.), and also (or alternatively?) as due to a shift' of the centre of 
gravity (p. 235). The difficulty for the first suggestion, as she herself recognizes 
(p. 228), is that hygroscopic mechanisms cause torsions only in one direction, which 
is structurally determined, whereas the stalks are said to rotate in either direction 
(p. 206). The second suggestion is difficult to reconcile with the conclusion that 
rotation is the cause of torsion in attached organs, since the force would be small. 

The writer tried to confirm the rotations reported by Staub, and completely 
failed to do so, but he admits that he did not persist in the attempt as long as he 
should have done. He suggests that the following two questions need to be 
answered as a preliminary step concerning her results— -first can they be confirmed, 
and secondly, if so, have the rotations anything to do with the strophisms, or are 
they due to some quite different process which takes place in relation to a previous 
curvature, rather than to a plane of dorsiventrality ? 

Summary 

1. According to one group of hypotheses the primary growth responses to 
those stimuli of light or gravity which lead to torsions in dorsiventral organs are 
changes of some kind in the rates of growth in planes transverse to the long axis 
of the organ, different changes taking place in different parts of each transverse 
plane. These changes are supposed to be due to the orthotropism of some trans- 
verse “elements”. According to another hypothesis the primary growth response 
is that the cells of the organ elongate obliquely in directions depending on the 
direction of the stimulus. These hypotheses and their consequences are set out and 
briefly discussed in §§ 1, 2 and 8. 
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2. If growing pinnate leaves of various woody species are cut off, rotated through 
90 , and attached near the tip instead of at the base, the rachis below (or ‘proxi- 
inally to) the attachment twists in the normal direction in response to gravity, 
just as when the leaf is attached at the base, bringing its correct face uppermost 
by the shorter way round. 

3. If, however, leaves of Phaseolus or leaflets of Wistaria , which orientate 
themselves by pulvini, are cut off, rotated through 90°, and fixed just above (or 

dis tally to) the active pulvinus instead of below it, the pulvinus twists in the 
opposite direction to the normal. 

4 * R pointed out that the results with the growing pinnate leaves exclude for 
them the hypothesis that oblique elongation is primary, and favour the ‘transverse 
growth hypothesis, while the results with the pulvini exclude for them the latter 
hypothesis and favour the former. 

5. Some anatomical changes are described that took place in the rachis of a 
youpg pinnate leaf which was stimulated by gravity for 17 days while prevented 
mechanically from twisting. 

6, Some experiments by Staub (1934) are discussed in § 9. 
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THE DETERMINATION OF AXILLARY BUDS 

By MARY SNOW and R. SNOW 

(With io figures in the text) 

T he method of operating upon stem apices and leaf primordia which we have 
practised for other purposes (1931, 1935) makes it possible to investigate 
what are the causes working in ontogeny which bring it about that lateral 
buds originate so generally in the axils of leaves, although there are some exceptions. 
As a preliminary it may be helpful to mention some of the possible explanations 
which need to be considered or tested. First it may be thought that there is simply 
nowhere else for them to originate, since in the terminal bud the bases of the leaf 
primordia are closely packed together. But this does not explain how it is that 
the buds are so commonly formed only above the morphological centre of the base 
of the leaf primordium, and not above its marginal parts, where the packing is 
usually less close. Again, it may be suggested that the positions of leaf and bud 
are determined by two independent processes. But this can hardly be so, since 
when leaves are caused to arise in quite abnormal positions, as for instance after 
our previous operations on Epilobium hirsutum (1935), they still have buds in their 
axils: and it can hardly be supposed that two independent processes are influenced 
in just the same way by the operations. The positions therefore of leaf and bud 
must be somehow causally connected. This being so, the possibilities are that 
either the leaf determines the position of the axillary bud, or that the positions of 
both are determined by some third common factor: for it will hardly be suggested 
that the axillary bud determines the position of the subtending leaf, which in the 
vegetative phase arises as a rule considerably before it. 

For the purpose of deciding whether a leaf determines its axillary bud, -the 
most obvious experiment is to cut off a leaf primordium at the youngest stage, 
before its bud arises, and this operation we have performed on leaf primordia of 
Epilobium hirsutum. In this species in the vegetative phase the youngest three pairs 
of opposite leaf primordia have regularly no visible axillary buds, but the older 
pairs all have them. We have published drawings of the normal apices previously 
(* 935 > P- 66), and have also described the method of operating (1931, 1935, X937). 
Many of the present operations were done at a magnification of 52 times, instead 
of 30 times. 

In the experiments, after removing or bending back those leaves of the te rminal 
bud which arch over the apex and conceal it, we cut off one leaf primordium of 
the youngest pair that were visible at the time of operation (the P/s^as we have 
called them) by a cut at its base flush with the surface of the apex or nearly so. 
About a fortnight later the terminal buds were fixed in alcohol and embedded in 
collodion; and on examining them by transverse sections, we found that a bud 
had often been formed in the axil of the removed primordium even when there 
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remained only an extremely small stump of its base — only enough to appear in 
two or three free-hand sections. This happened in four out of eight experiments, 
and the one in which the remains of the base of P 1 were the very smallest is illus- 
trated in Fig. i. The base of P ± appeared only in the two sections a and b. 

In the remaining four experiments the axillary bud was not formed, but there 
was even less trace of the base of the removed primordium, or no trace at all, so 
that possibly the cut may have injured the presumptive area of the axillary bud, 




Fig. i. Epilobium hirsutum. A P x primordium that was cut down very low, but still formed a bud 
* and b are consecutive sections, lower and higher, at the level of the bases of the P x ’s. Unorganized 
tissue is cross-hatched, c is the bud of the cut-down P l9 and d and e the bud of the intact opposite 
"i > from sections at higher levels. All x 27. 

that is, the area from which the bud would normally have arisen. In all the above 
experiments P x was large at the time of operation, .being near the end of its 
plastochron. 

These results seem to show that the determination of an axillary bud does not 
need the presence of more than a small basal part, if any, of the upgrowing leaf 
primordium. But the upgrowing part is probably an 
outgrowth from a previously determined insertion 
area or base, and consequently it remains possible 
that the axillary bud may be determined by the 
insertion area of the leaf primordium or by a basal 
zone of its upgrowing part, or by both together. 

In order to decide whether this is so, it is necessary 

to destroy the whole leaf primordium without run- Fig- 2. Diagram of a longitudinal 
mng any risk of injuring the presumptive area of the section of a dec ^ssate apex, showing 
ajillaty bud. This cannot be achieved by cutting off ,* SfZw! 

tne leat primordium at its base, but we have found throu § h a p i of medium size. The 
that it sometimes results from a cut made in a p =’ s are shown cut d »'™- 

antf down Sto T"''’ Vt ?‘ Cal f Iane / passillg thr0 “ gh the tip of a leaf primordium 
™ tZZ. he T eatk “ (see Fig - *>• This option, which is difficult, 
was always performed on a pnmordinm of the youngest pair (a Pj when it was 

of medium sme, bang m the middle of its plastochron. The cut either was vertical 
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or more often sloped a little inwards as it descended, and it was seen with certainty 
at the time of operation that the presumptive area of the bud was not touched. 

For this operation three species of Labiatae with very similar apices were used— 
Stachys tuberifera , grown from tubers, and Stachys silvatiea and Salma coccinea , 
grown from seed. The last of these species was found the most convenient. The 
initials of their names will be used as abbreviations. In these species the axillary 
buds normally become visible first in the axils of the third or fourth pair of 
opposite leaf primordia. 


Fig. 3 Fig. 4 

Fig. 3. Stachys silvatiea. A tangentially split P x which developed as a leaf and had a bud. The 
opposite P x is intact. 

Fig. 4. Stachys tuberifera. Another example of the same, x 31. 

No difference was noticed between the reactions of the three species, but the 
development (if any) of the tangentially split P 1 primordium varied greatly, and 
this was probably because the exact position of the cut varied slightly. On 
examining by transverse sections the specimens, which in warm weather were 
fixed and embedded after 2 or 3 weeks, we found that the part of the primordium 
on the outer side of the cut never developed at all, but in two apices (one Stachys 
tuberifera and one Salvia coccinea ) a leaf which was rather thin but otherwise 
nearly normal developed from the part on the inner side of the cut, and had a 
normal axillary bud. These two are shown in Figs. 3 and 4. 

In four other apices there appeared only the scanty remains of the extreme 
base of a leaf, which must have begun to develop from the inner part of the split 
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primordium and must then have failed. In two of these apices (one Stachys 
tuberifera and one Salvia coccinea) these remains had buds in their axils, and in 
two others (two Stachys silvaticd) they did not. Examples with and without buds 
are shown in Figs. 5 and 6. Finally, in four more apices (three Stachys silvatica 
and one Stachys tuberifera) there was no trace of the split leaf primordium, which 
had disappeared completely, and no trace of any axillary bud belonging to it either. 

These results show a very clear correlation between development of leaf and 
presence of axillary bud. They also agree with the previous results in showing 
that an axillary bud may sometimes be determined even when there remains only 
a small part of the base of that leaf, together with its insertion area. But they 
show further that this amount of the leaf is needed, since it is certain that in this 
series of experiments the presumptive area 
of the axillary bud was not touched or 
injured, not even in the four experiments 
in which there was no trace of the leaf 
nor of its axillary bud. These results also 
show that in these species an axillary bud 
is not yet determined at the middle of the 
first plastochron of its subtending leaf. 

The same conclusions follow from 
another easier series of experiments in 
which a P x primordium was split vertically 
in a median radial plane, care being taken 
that the point of the knife should not reach 
inwards so far as the inner surface of the 
primordium at its base or the presump- 
tive area of the axillary bud. In four 
apices thus operated upon (three Stachys tuberifera and one Stachys silvatica) the 
split primordium developed almost normally and had a normal axillary bud, the 
cut having apparently healed up almost completely. In another ( Stachys tuberifera ), 
which we cannot explain but must consider as exceptional, the split primordium 
developed normally but had no bud. In two others (one Stachys tuberifera and 
one Stachys silvatica ), of which one is shown in Fig. 7, only the extreme base of 
a leaf was found, but it had an axillary bud. Finally, in two more (two Stachys 
silvatica) there was no trace of the split primordium nor of an axillary bud be- 
longing to it. 

Although the radial split is easier than the tangential split, it has the disad- 
vantage that one cannot easily be quite so certain that the presumptive area of the 
bud has not been touched by the knife. The radial splits were made on P x pri- 
mordia which were of small or medium size at the time of operation except in 
one of the four apices of the first group, in which P x was large. 

The above results agree in showing that the position of an axillary bud is 
somehow determined by its subtending leaf, but they seem also to show tliat for 
the determination of the bud only a small basal part of the leaf is needed, together 
with its insertion area. However, the necessary amount of the basal part of the 
leaf may be more than at first appears. For in those experiments in which only 
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Fig. 7 <2, b. Stachys silvatica „ a shows a radially 
split P 1 which had a bud though there remained 
only a small part of its base, b is the bud of the 
opposite P x from a section at higher level, at 
same scale. 
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a very small basal part of a leaf was found, and yet its axillary bud had developed, 
it is probable that the leaf primordium which was operated upon continued to 
develop for a little, and then failed and gradually dedifferentiated or died away 
down to its base. But the bud was determined considerably before the time when 
the specimens were fixed for examination, though after the operation. So at the 
time when the bud was determined, a larger proportional amount of its subtending 
leaf may have been surviving. 

Some further evidence concerning bud determination is provided by an earlier 
series of experiments. After the tangential splits through the P x primordia, the 
part of the primordium on the outer side of the split never developed. But if a 
rather similar cut is made not through a primordium, but just to the inner side 
of it, then the primordium, which is now on the outer side of the cut, often de- 
velops, and it is of interest to see where, if anywhere, its bud arises. We have 
made operations of this kind on Epilobium hirsutum. The cuts were made just to 
the inner side of a P x primordium, as shown in Fig. 8, and were vertical instead 
of sloping slightly inwards. They went down to a level below the base of the 
primordium, which remained connected with the axis below. They were similar 
to operations which we have performed previously on Lupinus albus (1931), and 
they will be called ‘isolations’ of primordia as before, although they only partially 
isolated the primordia from the stem apex. The exact position of the cut was varied 
purposely, being sometimes close up against the inner surface of the central part 
of the primordium and sometimes a little way farther in towards the centre of the 
stem apex. 

On fixing the specimens about a fortnight later and on e xaminin g them by 
transverse sections, we found that when a P x primordium was isolated and when 
the cut was some little way away from the inner surface of P 1; so that the isolated 
piece was fairly large, then the P t always (in seven apices) developed into a nearly 
complete leaf, and usually (in six of the seven) had a bud; and this bud was 
always connected directly with it and on the outer side of the cut. But when the 
cut was made close up against the inner surface of P 1; then its bud was not 
formed at all, and the P x primordium itself was much reduced, developing either, 
as in one apex, into a small leaf lacking nearly all its marginal parts, or, as in nine 
others, only into a small and radially almost symmetric organ, or, as in one more, 
not developing at all. Thus the bud was never formed on the inner side of the 
isolating cut, on the stem apex or stem, but only in direct connexion with the 
leaf. Examples without and with buds are illustrated in Figs. 9 and 10. 

These results agree well with the conclusion that an axillary bud is determined 
by its leaf, since they show that in Epilobium hirsutum after an isolation of P x a 
bud is often formed on the isolated leaf, but never on the apex or axis. However, 
before they can be accepted as further evidence for this conclusion, it must be 
considered whether they can be explained in another way. For it may be suggested 
that the bud is determined by some other process, and that the isolating cut some- 
times left its presumptive area on the isolated piece, and sometimes passed through 
that area and destroyed it, but never passed to the outer side of it, and so never 
left it on the apex. But we think it very unlikely that this waS so, since P as it 
grows gradually extends inwards, spreading farther over the stem apex Conse- 
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Fig. 9 a , b , c. Epilobium hirsutum . An isolated P x which had no bud and was radial, a and b are 
higher and lower sections at a level near base of isolated P x showing traces of the cut on the P% s 
marked w. c is a section from a higher level through the base of the opposite P x with its bud. 
All x 37. 

Fig. 10 a, b. Epilobium hirsutum. An isolated P l which had a bud and developed as a leaf, a is a 
section at level of base of isolated P t with its bud. A wound scar on the axis is shown in thick 
black, and traces of the cut on the P z *s arc marked w . Unorganized tissue is cross-hatched, b is 
a section from a higher level showing the base of the opposite P x and its bud. Both x 27. 
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quently an isolating cut which was made close up against the inner surface of P x 
when Pj was small or medium in size (that is, at the beginning or middle of its 
plastochron) must surely have passed to the outer side of the area from which the 
axillary bud would normally have been determined at a later time, and actually 
p x was small at the time of operation in nine of the eleven experiments in . which 
no bud was formed, though only in two of the six in which a bud was formed on 
the isolated' leaf. We therefore think it almost certain that in some at least of the 
eleven experiments in which no bud was formed, the presumptive area of the bud 
was left on the apex, and that it failed to be determined because it lacked some 
influence from the leaf. 

It is of interest that a bud can be determined on an isolated leaf primordium, 
since this indicates that the bud-determining influence of the leaf is not a me- 
chanical effect of the axil formed between leaf and stem, but is physiological For 
even if a little stem tissue was sometimes included with the isolated piece, the axil 
must surely soon have been obliterated by the subsequent growth, and no trace 
of an axil was found at the time of examination. 

In Lupinus albus also we found (1931, p. 26) that when P x was isolated a bud 
sometimes developed on the isolated leaf, but never on the axis, and the same was 
true after the isolations of J x , that is, of the part of the stem apex from which the 
next leaf primordium was due to arise, and even after the isolations of / 2 : for after 
three of the isolations of / 2 , a bud developed on the isolated leaf, a fact not pre- 
viously mentioned. But in seedlings of that species up to the stage at which the 
shoot apices were fixed for examination the similar leaves which have not been 
operated upon have no buds in their axils. Consequently in that species the fact 
that no bud was ever formed on the apex or axis opposite to an isolated leaf is not 
evidence that some determining influence from the leaf was lacking. But for the 
same reason the experiments on Lupinus albus add the interesting point that in 
that species the isolation of a leaf primordium not only permits but greatly 
accelerates the determination of a bud in connexion with it. 

It is further of interest that in Epilobium after all the isolations of P^in which 
that -primordium had a bud (six in number), its bud was larger at its base, and 
in two of them much larger, than the bud of the opposite P 1 . In the experiment 
illustrated (Fig. 10), the bud of the isolated P x is only slightly the larger. We 
reported a rather similar result after some of the diagonal splits of stem apices of 
Epilobium (1935, p. 89): for in these when the split was rather far from median, 
the smaller of the two pieces formed by it did not regenerate completely, but yet 
the P x belonging to it had a much larger axillary bud than the P x of the larger 
piece. As an explanation we suggested that there was a competition between a 
tendency of the remaining piece of stem apex to regenerate and a bud determining 
influence coming from P t , so that when the piece of apex was too small to re- 
generate completely, the axillary bud of P x was able to occupy parts of that piece 
which would not otherwise have been available to it, as indeed it did actually 
appear to have done. In the present experiments the enlarged buds of the isolated 
Pi’s might be explained in a rather similar way. For these buds may have en- 
croached upon tissues adjacent to them on the inner side, which, if they had re- 
mained as part of the stem apex, would have taken part in forming younger leaf 
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primordia, but which on the isolated piece were not able to do so. But in view 
of the fact, already pointed out, that P x spreads inwards over the surface of the 
apex as it develops, it is doubtful whether much or any tissue was left on the 
isolated piece on the inner side of the normal presumptive area of the bud of P x , 
even when the isolating cut was one of those which were made some little way 
from the inner surface of P x . 

Another possible explanation is that the buds on isolated leaf primordia are 
determined and develop earlier than normal axillary buds, perhaps because they 
are released from some retarding effect exerted by the stem apex. This certainly 
happens very conspicuously in Lupinus albus , and it may happen to a less degree 
in Epilobium. The two explanations are indeed not entirely different. For common 
to both is the suggestion that the operations release the isolated leaf primordia (or 
the smaller pieces of the unequally split stem apices) from some influence opposed 
to bud formation which is exerted by a stem apex. This influence may either be 
one which retards the determination and development of axillary buds, as it appears 
to be in Lupinus albus , or one which reduces by competition the area of tissue 
available for the axillary buds, as we suggested previously for Epilobium. 

In the experiments on Epilobium in which P x was cut off at the base and in the 
tangential and radial splits of P x in the Labiatae, the bud of the P x operated upon, 
if it was formed at all, was regularly of about the same size as the bud of the 
opposite P x , even when only a very small basal part of its subtending leaf was 
found remaining. It seems therefore that the determination of an axillary bud is 
rather an 'all or nothing* process, and that if a bud is determined at all, it is 
regularly determined over at least the normal area (or thereabouts) and not later 
than usual. Only in one of these experiments was the bud of the P x operated upon 
much smaller than the opposite bud (Fig. 4), and this experiment was not one of 
those in which only a small basal part of P x remained, but one in which (after 
a tangential split) P x developed fully, though it was rather thin radially and had 
its central vascular strand replaced by two lateral ones. This last fact may be 
somehow connected with the small size of its bud. 

In another experiment (Fig. 5) the bud of the tangentially split P x was rather 
larger than that of the opposite P l9 although there remained only a very small 
trace of the extreme base of the split P x . Perhaps the base of this bud had occupied 
tissues which had first taken part in the development of the split P 1? and had then 
dedifferentiated when P x failed. 

It should perhaps be mentioned that in some species buds may sometimes be 
formed in the axils of quite old leaves. But it is probable that these originate from 
an axillary meristem which is formed much earlier and remains available for bud 
formation (compare Sandt (1925, p. 59) on the successive development of serial 
buds from one axillary meristem). The question of distinguishing between the 
factors determining an axillary meristem and those determining buds within it 
needs to be further studied. 

There is also the question of the determination of such axillary buds as arise, 
chiefly in inflorescences, before their subtending leaves or bracts. It can hardly 
be supposed that these are determined by their subtending leaves, and there must 
therefore presumably be some different process at work. 
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Again, in some species the factors determining axillary buds must be more 
complicated. For buds may be formed only in certain of the axils, arranged ac- 
cording to rule, or buds of different kinds may be formed in the same axil. So 
the attempt at analysis here reported is only a beginning, but we hope that it 
may point the way for further attempts. We hope to discuss on another occasion 
the effects of the operations here reported on the subsequent phyllotaxis. 

Summary 

1. The results of various operations on one of the youngest visible pair of 
leaf primordia in Epilobinm hirsutum and in various Labiatae indicate that in these 
species the determination of an axillary bud depends on some influence exerted 
by the subtending leaf, or by some part of it: the basal part of the leaf, together 
with its insertion area, is often enough. 

2. When in Epilobium hirsutum one of the youngest visible pair of primordia 
is partially isolated from the stem apex by a vertical cut, its bud is always formed 
on the isolated piece, if it is formed at all, and is abnormally large. This point and 
others are briefly discussed. 
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CROSSING-OVER IN NEUROSPORA 

By H. L. K. WHITEHOUSE 

Botany School , Cambridge 
, (With 6 figures in the text) 

I. GENERAL ACCOUNT 
Introduction 

N eurospora is a genus of Ascomycetes belonging to the group Pyrenomy- 
cetes. Until Shear & Dodge (1927) described perithecia, the species had 
been known only by their conidia, which are light and powdery, orange in 
colour and produced in great abundance. Shear & Dodge found that the species 
N. sitophila and N. crassa are heterothallic, existing in two strains, 4- and - , which 
are morphologically indistinguishable, perithecia being formed only when + and — 
come in contact; the asci contain eight spores, black when ripe, arranged in a single 
row, and in each ascus four of the spores were found to give -f mycelia on ger- 
mination and four to give - mycelia. A third species, N. tetrasperma , was found 
to be homothallic normally, the asci usually containing four spores in each of 
which a + and a - nucleus is included at its formation (Dodge, 1927). 

Wilcox (1928) studied N. sitophila cytologically and showed that a single nucleus 
in the young ascus divides three times in succession and a spore is laid down round 
each of the eight nuclei so formed. As always in long narrow asci, the spindle of 
the first division is arranged longitudinally in the ascus. The two spindles of the 
second division are also longitudinal, and they are well apart so that the two centre 
nuclei do not pass. The four spindles of the third division are transverse and some 
distance apart. Wilcox was the first to isolate the spores in order from individual 
asci, and the work of Lindegren (1933) has confirmed that in both N. sitophila and 
N . crassa , numbering from the top end of the ascus, spores 1 and 2, 3 and 4, 5 and 6, 
7 and 8, i.e. adjacent pairs of spores, are always identical (see Fig. 1). Clearly the 
third nuclear division-in the ascus is a simple mitosis. In asci showing segregation 
for a single pair of allelomorphic genes (e.g. the sex genes, -f and — ), there are 
six possible arrangements of the spores, and these arrangements can be grouped into 
two classes (see Table 1); either the two pairs of spores in one half of the asctis 
are both of one sex, the two pairs in the other half being of the other sex (class 1), 
or each half of the ascus contains a pair of each sex (class 2). Class 1 asci are the 
result of segregation occurring at the first nuclear division in the ascus, whilst 
class 2 asci result from second division segregation (Fig. 1). Evidently the first 
two divisions in the ascus constitute meiosis. 

In N. tetrasperma , Dodge (1927) and Colson (1934) have sliown that the two 
spindles at the second division elongate greatly so that the two centre nuclei pass 
each other. The possibility that such nuclear passing occurs occasionally in N. 
sitophila and N* crassa must not be overlooked, and its effects are considered on 
p. 38 et seq. 
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The value of N. sitophila and N. crassa for genetical work lies in the following 
characteristics: 

(1) They are heterothallic, enabling mutant strains to be crossed with ease. 

(2) All four products of a single meiosis can be isolated and grown to maturity,; 
moreover, as in no other organism, it is possible to determine from the order of 
the four pairs of spores at which of the divisions segregation occurred. 

(3) Neurospora grows very readily in culture, and the heat necessary to ger- 
minate the ascospores at the same time kills the conidia. 


Segregation at the 
second division 


Segregation at the 
first division 


No passing of nuclei 


Passing of the centre nuclei after the second division 

Fig. 1. Diagrams of the spore arrangements in asci of Neurospor.a sitophila a 
resmt from first and from second division segregation for a pair of allelom< 
passing of the centre nuclei after the second division 


1 cross-over 



Crossing-over in Neurospora 25 

(4) The sexual life cycle is completed in two or three weeks, so the generation 
time is. short. 

(5) Meiosis follows directly upon nuclear fusion, so that the fungus plant is 
haploid and there are none of the complications associated with dominance and 
recessiveness found in diploid organisms. The mycelium, however, may be hetero- 
karyotic, i.e. contain nuclei of more than one kind, and then it is quite possible for 
the effect of a gene in one kind of nucleus to be masked by a gene in another. 
Cultures derived from single ascospores, however, can only become hetero- 
karyotic by mutation. 

N . tetrasperma y being usually homothallic, is much less suitable than the hetero- 
thallic species for genetical study. This paper is concerned solely with N. sitophila 
and N. crassa . 

Crossing-over and segregation 

During meiosis the centromeres (or spindle attachments) of the paired chromo- 
somes separate undivided at anaphase of the first division. Hence if the locus of a 
gene is very close to the centromere of its chromosome it will always segregate at 
the first division. If a cross-over occurs proximally to the locus, i.e. between it and 
the centromere, segregation will not occur until the second division of meiosis (see 
Fig. 2). Hence for any given gene, the proportions of first and second division 


Non cross-over 


X 


1 cross-over 


Fig. 2. Diagrammatic representations of the sex chromosomes at diplotene of meiosis, with no 
crossing-over and with a single cross-over proximal to the sex gene. 



2 -strand 


t M — v — V— r 
5 ; 


3 -strand ( + ) 3 -strand (-) 4 -strand 

Fig. 3. Diagrammatic representations of the sex chromosomes at diplotene of meiosis to show the 
four different relationships of chromatids possible between two cross-overs. 

segregation will be constant, and the percentage of second division segregation is 
the percentage of asci (i.e. of meioses) in which a cross-over occurs proximal to the 
gene. Now if a cross-over occurs in a region between two genes, the four products 
of meiosis will consist of two original combinations of the genes and two recom- 
binations, since crossing-over occurs at the four-strand stage. In other words, an 
average of one cross-over in this region per ascus gives 50 % recombination between 
the genes delimiting the region, and the map distance between the genes is 50 units 
(uncorrected for double cross-overs), since the uncorrected distance between two 
genes on a genetic map of a chromosome is the percentage of recombination. Now 
if one cross-over occurs regularly between the locus of a gene and the centromere 
there will be 100% second division segregation; also, the distance of the gene from 
the centromere will be 50 units* Thus half the percentage of second division segre- 
gation for a gene is the uncorrected map distance of the gene from the centromere. 
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The effect of two cross-overs proximal to the locus of a gene must now be 
considered. Double cross-overs may be two-strand (reciprocal), three-strand 
(diagonal or disparate) or four-strand (complementary) (see Fig. 3). Two-strand 
and four-strand double cross-overs proximal to a gene will cause first division 
segregation, whilst three-strand will result in segregation at the second division. 
Clearly two-strand and four-strand double cross-overs will be indistinguishable 
from no crossing-over, and three-strand from single cross-overs. Thus with asci 
showing segregation for only a single pair of allelomorphs double cross-overs are not 
detectable. 

If mutant str ains of Neurospora are crossed with the wild type or ‘normal’ 
strain, then by dissecting individual hybrid asci and isolating the spores in order, it 
is possible to map the genes in relation to the centromere of the chromosome as 
well as in relation to one another: half the percentage of second division segre- 
gation gives the distance from the centromere, and the percentage of recombination 
gives the distance between' gene loci. With a set of linked genes it is possible to 
determine the cross-overs that took place at meiosis, from the spore arrangements in 
asci showing segregation for all the genes. In particular it is possible in many cases 
to distinguish two-strand, three-strand and four-strand double cross-overs, and 
hence to test for chromatid interference. On a hypothesis of random crossing-over 
the expected proportion of two-strand : three-strand : four-strand double cross- 
overs is 1 : 2 : 1. A significant deviation from this proportion would mean there 
was chromatid interference in crossing-over. Chiasma interference can also be 
detected from the frequencies of the different spore arrangements. 

Ascospore arrangements 

With asci showing segregation for a single pair of allelomorphs, there are six 
possible arrangements of the spores in the ascus, as described above, and they can 
be grouped into two classes (Table 1). With two pairs of allelomorphs there are 
thirty-six possible arrangements of the spores in the ascus. If the four pairs of 
spores in order from the top end of the ascus are denoted by the letters A B C D, 
it is clear that the transposition of A and B and of C and D to give B AC D, 
A B D C and B AD C could be brought about in the ascus simply by reversing 
the spindles at the second division; similarly CD A B, CDBA, DCAB and 
D C B A would be the corresponding spore arrangements ‘had the first division 
spindle been reversed. These eight arrangements will occur with statistically equal 
frequencies and can be grouped together. The thirty-six spore arrangements possible 
in asci showing segregation for two pairs of allelomorphic genes can be grouped 
in this way into seven classes. This is shown in Table 2. X and Y are the mutant 
forms and x and y their respective normal allelomorphs. 1 The six possible arrange- 
ments for X and * are shown down the left-hand side, and the six for Y and y 
across the top, the thirty-six possibilities being given by the intersections of 
columns and rows. The numbers from i to 7 indicate the seven classes. In the case 

1 The large and small letters are used to indicate that the genes form an allelomorphic pair; 
there is no question of X being dominant over x (or Y over y), since it is only in the single diploid 
nucleus m the young ascus that both are.present in the same nucleus. 
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of classes 1 and 2 there are only two arrangements within each; in classes 5 and 6 
there are four arrangements, whilst in classes 3, 4 and 7 there is the maximum of 
eight arrangements. 

Asci showing segregation for three pairs of allelomorphs will give 6 3 = 2i6 
possible spore arrangements. Grouping together, as before, arrangements which 
differ merely in the spindle orientations at the first and second divisions, there are 
thirty-two classes of arrangements (Table 3). The three genes are denoted by X , Y 
and Z and their normal allelomorphs by x, y and z. Only two of the six possible 
arrangements of X and x are shown (XXxx and XxXx), because the classes of 

Table 2. Two gene loci 

The thirty-six possible arrangements of the spores in asci showing segregation for 
two pairs of allelomorphs can be grouped into seven classes : 
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spore arrangements given by the other four are readily deduced from these two. 

xXXx XxXx 

For instance, arrangement yYyY gives YyyY on reversing the first two pairs of 

ZzzZ zZzZ 

spores, and from the table this belongs in class 30. Thus before using Table 3, X 
and x must be put in the form XXxx or XxXx, either by reversing the order as a 
whole, or by reversing the two pairs of spores in the first half of the ascus (as in the 
example above) or the two in the second half. 

With four pairs of allelomorphs, there are 6 4 = 1296 arrangements of the spores, 
and these can be grouped into 172 classes (Table 4 a). The four genes are denoted 
by W, X , Y and Z and their normal allelomorphs by zo, x, y and z. Only seven of 
the thirty-six possible combined arrangements for W and X are shown, corre- 
sponding to the seven classes in Table 2. Herfce before using Table 4 (a) to find 
the class to which a particular spore arrangement belongs, W and X must be put 
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Table 3. Three gene loci 

of the spores in asci showing segregation for three pairs of 
3 can be grouped into thirty-two classes: 
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into one of the seven arrangements shown, either by reversing the order as a whole, 
or by reversing the two pairs of spores in the first half of the ascus, or the two in the 

wWwW WwWw 
XXxxXXxx 

second half, or both. For example, arrangement y y y Y §* ves y y y y on 

z Z Z z Z z z Z 

reversing both halves of the ascus separately and from the table this belongs in 
class 95 . 


Table 4 . a. Four gene loci 

The 1296 possible arrangements of the spores in asci showing segregation for four pairs of 
allelomorphs can be grouped into 172 classes: 
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If asci show segregation for x pairs of allelomorphs, the number of spore arrange- 
ments is 6 X and the number of classes into which these can be grouped is given by 
the empirical formula 
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Table 4 h. Four gene loci, two m each arm 
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Table 4 c. Four gene loci , three in one arm and one in the other 
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Detectable cross-overs 

The number of classes of spore arrangements in the asci depends solely on the 
number of genes for which the asci show segregation. The genes may or may not 
be on separate chromosomes. When the genes are linked, the spore arrangements 
enable the cross-overs that occurred at meiosis to be deduced. The cross-overs 
detectable iii this way depend on the disposition of the gene loci in relation to the 
centromere. In the case of two pairs of allelomorphs there are two possibilities : 
either the two genes are located on opposite sides of the centromere, or they are 
both on the same side. The simplest cross-overs that would give the seven classes 
of spore arrangements are shown in Table z for each of these possibilities. It is 
assumed that the cross is made between XY and xy. If the parental strains were 
Xy and xY, Y must be interchanged with y throughout the asci, before reference 
is made to the table; moreover, with two genes in one arm, X must be the proximal 
and Y the distal gene. In describing the cross-overs a semi-colon placed between 
two regions (e.g. ‘i in I; 4-st. in IF) means that the relationship of the adjacent 
cross-overs may be of any kind (two-strand, three-strand or four-strand). 

When the asci show segregation for three pairs of allelomorphs, there are again 
two possible arrangements for the genes, assuming they are all located in one 
chromosome ; either they may be two on one side of the centromere and one on the 
other side, or all three on the same side. The simplest cross-overs to give the 
thirty-two classes of spore arrangements for each of these cases are shown in Table 3. 
It is assumed that XYZ x xyz was the parental cross, and that the dispositions of 
X , Y and Z in relation to the centromere and to one another are as shown. Between 
certain regions the two kinds of three-strand double cross-over (Fig. 3) give different 
classes of spore arrangement. ‘3-st. (, X )’ refers to the double cross-over in which 
the third strand, involved in the second cross-over but not in the first, is a strand 
derived from the XYZ parent; similarly *3-st. (#)’ means the new strand involved 
at the second cross-over is from the xyz parent. 

With four-linked genes, there are three possible arrangements of the genes in 
relation to the centromere: two in each arm, three in one arm and one in the other, 
or all four in one arm. For each of these arrangements, the simplest cross-overs to 
give the 172 classes of spore arrangements are shown in Tables 4(6), 4(c) and 4 (d) 
respectively. WXYZ and zvxyz are the parental types, and the relative positions 
of W, X, Y and Z in each case are as shown. Some of the cross-overs are rather 
complex and two examples will be given to show the use of the tables. With four 
genes, two in each arm, an ascus in class 47 is the result of four cross-overs, one in 
each of the regions, the .relationship between the cross-overs in regions I and II 
being either two-strand or four-strand, that between II and III being four-strand 
and that between III and IV being three-strand. With the same arrangement of 
genes an ascus in class 130 is due to five cross-overs, two in region I and one in 
each of the other regions, the relationship between the two cross-overs in region I 
being four-strand, that between the nearest cross-over in region I and the cross- 
over in region II being of any kind, that between II and III being two-strand, and 
that between III and IV being three-strand. 

In an ascus showing segregation for a number of linked genes, the cross-overs 
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detectable from the arrangement of the spores are a combination of those detectable 
from the divisions at which the genes segregate and those detectable by recom- 
bination. In a region adjoining the centromere only single cross-overs can be 
detected; for, as has already been shown, two-strand and four-strand double cross- 
overs give first division segregation, the same as no crossing-over, and three-strand 
double cross-overs give second division segregation, the same as single cross-overs 
(Fig. 3). In a region bounded on both sides by genes, four-strand double cross- 
overs within the region are detectable as well as single cross-overs; for two-strand 
double cross-overs give no recombination types amongst the four products of 
meiosis, the same as no crossing-over; three-strand double cross-overs give two 
recombination types and two original combination, the same as single cross-overs ; 
and four-strand double cross-overs give all four recombined. Consequently, from 
the spore arrangements in the asci the following cross-overs can be detected: 

(1) All combinations of o or 1 cross-over in each region. 

(2) All combinations of four-strand double cross-overs within regions bounded 
by genes (but not in regions bounded by a gene and the centromere) and o or 1 
cross-over in each remaining region. 

The following cross-overs cannot be detected : 

(1) Two-strand and three-strand double cross-overs within any region and 
four-strand double cross-overs within a region bounded at one end by the centro- 
mere. 

(2) Three or more cross-overs within a region. 

Map distances between adjacent genes obtained from recombination data cannot 
be corrected by means of the cross-overs deduced from the spore arrangements, 
except across the centromere, since in all other regions the cross-overs detected by 
ascospore arrangements are the same as those detected by recombination. In the 
case of two genes adjoining the centromere one on each side of it, recombination 
fails to include two-strand double cross-overs across the centromere and includes 
three-strand double cross-overs across the centromere as single cross-overs. The 
sum of the two distances obtained by halving the respective percentages of second 
division segregation, on the other hand, includes these cross-overs, but fails to 
record four-strand double cross-overs both in the same arm, which were detected 
by recombination. Thus by adding to the cross-overs detectable by second division 
segregation, the four-strand double cross-overs both in the same arm detectable 
by recombination, a better estimate of the map distance between the two genes is 
given. 

With two cross-overs proximal to the locus of a gene, as shown above, two- 
strand and fbur-strand relationships will cause first division segregation, whilst 
three-strand will result in segregation at the second division. Hence, if there is no 
chromatid interference, two cross-overs will give 5°% second division segregation. 
In the same way it can be shown that three cross-overs will give 75 % second division 
segregation, four will give 62*5% and five will give 6875%. Mather (1935) has 
shown that with n cross-overs, the percentage of second division segregation is 

667 [1 -(-§)*]. 

The limiting value of this expression as n tends to 00 is 667%. As the terms of 
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the series alternate above and below the limiting value and in view of the variability 
in the number of cross-overs in a given region, percentages of second division segre- 
gation greatly in excess of 667 are likely to be rare. 

Chromatid interference • 

Chromatid interference in crossing-over is shown by a deviation of the pro- 
portion of two-strand : three-strand : four-strand double cross-overs from the pro- 
portion 1:2:1 expected on a random hypothesis. The two cross-overs may be in 
different regions or both in the same region. 

(a) Two cross-overs in different regions 

The four possible kinds of double cross-overs (two-strand, three-strand (X), 
three-strand (x) and four-strand) all give different spore arrangements (type A, 
Fig. 4), except in the following cases: 

(i) Between regions adjoining the centromere on each side of it, the two kinds 
of three-strand double cross-over are indistinguishable (type B, Fig. 4). 


2 cross-overs 


3 cross-overs 


4 cross-overs 


(ii) Between a region adjoining the centromere and another region in the same 
chromosome arm, all the genes being in the same arm, two-strand and 
double cross-overs cannot be distinguished, nor can the two kinds of three-strand 
(type C, Fig. 4). 

(iii) Between a region adjoining the centromere and another region in the same 
arm, a third cross-over having occurred in the region adjoining the centromere in 
the other arm, then two-strand and four-strand double cross-overs are again in- 
distinguishable, besides the two kinds of three-strand (type C). 


A Distinguish between 2-strand, 3-strand (X), 3-strand (x) and 4-strand. 
8 Distinguish between 2-strand, 3-strand and 4-strand. 

C Distinguish 2-strand and 4-strand together from 3-strand. 


Fig. 4. Diagram to show the regions between which two-strand and four-strand double cross-overs 
give the same classes of spore arrangements, for various dispositions of two, three and four gene 
loci in relation to the centromere. 
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Table 5 




I and II 

Class 

3 -st. in I or II 

2 -St. or 4 -st. 

4 

7 

3 -st. 

7 

4 


I and II 

Class 

3-st. in I or II 

2 -St. 

5 

7 

3 -St. 

7 

5 and 6 

4 -st. 

6 

7 
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when a three-strand double cross-over occurs in one of the regions, has the fol- 
lowing consequences : 

(i) If the proportion of these double cross-overs which are really triple cross- 
overs with a three-strand double in one region, is small, then a difference from the 
expected 1 : 1 ratio of two-strand and four-strand to three-strand will merely be 
reduced in magnitude. 

(ii) If a large proportion of the double cross-overs are really triples with a three- 
strand double in one region, then any difference from 1 : 1 in the proportion of 
two-strand and four-strand to three-strand may be quite obscured or even 
reversed. 

(iii) Where two-strand and four-strand double cross-overs produce different 
spore arrangements (types A and B, Fig. 4), when these double cross-overs are 
really triples with- a three-strand double in one region, the spore arrangements 
corresponding to two-strand and to four-strand will occur equally often. This is 
because the triple cross-over, three-strand in one region plus three-strand between 

Table 6 


I II 

Ill 

Class 

3-st. in I 

3-st. in II 

3-st. in III 


2-St. 

19 

27 and 28 

29 

25 

2-St. 

3-st. 

25 

29 and 30 

27 and 28 

19 


4-st. 

19 

27 and 28 

30 

25 


2-St. 

27 and 28 

19 and 20 

25 and 26 

29 and 30 

3-st. 

3-st. 

29 and 30 

25 and 26 

29 and 20 

27 and 28 


4-st. 1 

27 and 28 

19 and 20 

25 and 26 

29 and 30 


2-St. 

20 

27 and 28 

30 

26 

4-st. 

3-st. 

26 | 

29 and 30 | 

27 and 28 

20 


4-st. 

20 i 

27 and 28 | 

29 j 

26 


the two regions, three strands in all, gives the same spore arrangemeitts as a two- 
strand double cross-over between the two regions; whilst three-strand plus three- 
strand, four strands in all, gives the same spore arrangements as a four-strand 
double cross-over between the two regions; and it is unlikely that three-strand plus 
three-strand, three in all, and three-strand plus three-strand, four in all, will not 
occur with equal frequencies. Hence, if a proportion of the double cross-overs are 
really triples with a three-strand double in one region, then any difference from 
1 : 1 in the proportion of two-strand to four-strand will merely be reduced in 
magnitude, the ratio approaching equality the more closely as the proportion of 
triples is increased. 

When there are three or four cross-overs in different regions, the effect of a 
double cross-over within one of the regions, is the same as its effect when there are 
only two* cross-overs in different regions, i.e. two-strand and four-strand double 
cross-overs within a region do not matter, whilst three-strand cause a reversal of 
the spore arrangements resulting on the one hand from two-strand and four-strand 
and on the other hand from three-strand cross-over relationships between the 
region containing the three-strand double, and other regions. An example illus- 
trating this is given in Table 6. , 
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When there are two, three or four cross-ovefs in different regions and three- 
strand double cross-overs occur within two of the regions, the effect on the spore 
arrangements is more complex, but can be neglected unless the regions are very 
long. 

Chiasma interference 

Chiasma interference means that the occurrence of one cross-over or chiasma 
reduces the chance of another in its neighbourhood. Considering two different 
regions of a chromosome, delimited by genes or by a gene and the centromere, the 
lengths of the regions in cross-over units, when divided by 50, give the frequency 
of crossing-over in the regions, since a map distance of 50 units is equivalent to an 
average frequency of one cross-over in the region per meiosis. Hence the product 
of the two distances, after dividing each by 50, gives the expected frequency of 
double cross-overs (one cross-over occurring in each region), assuming no inter- 
ference. If the observed number of such double cross-overs is significantly less 
than the number calculated by this means, then there is positive chiasma inter- 
ference. The observed frequency of double cross-overs must include ‘doubles’ 
within triples, quadruples, etc., if these involve cross-overs in the two appropriate 
regions, since cross-overs outside these two regions are not being considered. A 
distinction should be drawn between those cases in which the centromere lies 
between the two regions, and those in which both regions lie in the same arm, since 
there is evidence that the centromere acts as an interference-inhibitor. Between 
arms, therefore, one might expect no chiasma interference. 

The product of three map lengths, after dividing each by 50, gives in the same 
way, the frequency of triple cross-overs, one cross-over in each of the regions, to 
be expected on the assumption of no interference; and similarly the frequencies 
of quadruple cross-overs can be calculated. 

Nuclear passing . 

As mentioned above, the possibility that occasional nuclear passing takes place 
during the divisions in the ascus must not be neglected. Nuclear passing at the 
third division would frequently be detected if it occurred, as the spores would not 
be in identical pairs. Passing of the centre nuclei at anaphase of the second division, 
however, is less readily detected. 

Consider the six spore arrangements that occur in asci showing segregation for 

a single gene pair such as + and -. The arrangements + + and 4- + 

would be interchanged with -1 — 4 — and — i H , if nuclear passing had oc- 
curred at the second division, whilst + + and - + + - would be unaff ected 

(see Fig. 1). Dividing the second division segregation asci (class 2, Table 1) into 
two subclasses, class 2A the alternate arrangements ( + - + _ and - + ^- +) and 
class 2B the symmetrical arrangements (.+ -- + and - + + -), then the effect of 
nuclear passing after the second division is to cause an interchange of asci between 
classes 1 and 2A, whilst class 2B is unaffected. If there is less than 667% second 
division segregation, class 2A will be smaller than class 1 . Interchange will therefore 
increase 2A and decrease 1, the effect being greater the larger the disparity in size 
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of the two classes. Hence nuclear passing will cause genes with a small percentage 
of second division segregation to give more asci with the alternate arrangement (2A) 
than with the symmetrical arrangement (2B). However, unless a gene is available 
located very close to the centromere, a small percentage of nuclear passing is not 
easily detected by this means. For ins^mce, if there is 5% nuclear passing, at least 
300 asci showing segregation for a gene giving 10% second division segregation, 
will have to be analysed before the number in class 2A is likely to be significantly 
greater (5 % probability) than the number in class 2B ; and with a gene giving 20 % 
second division segregation, at least 750 asci will have to be analysed. If there is 
2% nuclear passing, the corresponding figure for a gene giving 5 % second division 
segregation is 800 and for a gene giving 10% second division segregation, it is over 
1500; if there is only 1 % nuclear passing, the* corresponding figure for a gene giving 
5 % second division segregation is over 2500. For a gene showing more than 66*7 % 
second division segregation, class 2A will be larger than class 1 and interchange 
will render 2A smaller than 2B, but this will be even less readily detected. 

In considering the effect of second division nuclear passing on the spore 
arrangements in asci showing segregation for two, three and four pairs of allelo- 
morphs, it is convenient to divide up all the classes of spore arrangements in which 
at least one pair of allelomorphs segregated at the second division into two sub- 
classes A and B, as was done in the case of asci showing segregation for a single 
gene pair. It is understood that when two or more pairs of allelomorphs have 
segregated at the second division, subclass A shows the alternate arrangement and 
B the symmetrical arrangement for the leftmost gene that shows second division 
segregation, that is, taken in the order XY , XYZ or WXYZ in conformity with 


Tables 2-4. For instance, 


XxXx 

YyyY 


belongs to class 7A (two gene loci), whilst 


XiuCxXi , , tj 

YyYy beIongs to ? B ; 

Table 7 shows the effect of nuclear passing on the classes of spore arrangements 
in asci showing segregation for one, two, three or four pairs of allelomorphs. Most 
of the classes are grouped in threes as a concise form in which to express the inter- 
changes of asci between the different classes. In each of these sets of three, asci 
belonging to subclass A of the class represented by the first figure will be inter- 
changed with asci belonging to subclass A of the class represented by the second 
figure; likewise asci in B of the second class will be interchanged with B of the 
third class; and A of the third with B of the first. For example, with two gene loci, 
3, 4, 7 means 3 A interchanged with 4 A, 4B with 7B and 7 A with 3B. 

The effects of occasional interchange of asci between these classes will be 
negligible unless the two classes concerned differ greatly in the number of asci 
which they contain. The size of the classes will depend on the map distances between - 
the genes, so that every case must be considered individually. However, whether 
there are two, three or four linked genes, provided the distances between them are 
comparatively short, the classes of asci are likely to fall into three groups as regards 
size. The non-cross-over spore arrangements will be the largest class, then those 
due to single cross-overs will be moderately frequent and ascospore arrangements 
requiring two or more cross-overs will be relatively uncommon. It is the latter. 



“ ,r V TV" four pairs of * lld ™™-phs so long as the genes are dispersed 
on etther s,de of the centromere, the effect is similar.From Tab“ 7 dtTda^ 

concerned are 5 A (two loci), 2I A (three loci) and 105A (four loci) the res^ctivT ll 
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however, which give the data on chromatid interference, and it is clear that certain 
classes of arrangements amongst them may be increased in frequency by the inter- 
change of asci with the non-cross-over class; and others may be increased, to a 
lesser extent, by interchange with the single cross-over classes of asci. 

Table 7 


No. of 
gene 
loci 

Changes in classes of spore arrangements 

1 

1 interchanged with . 2 A 

2B unchanged 

2 

1 interchanged with ^ 5 A 

2 interchanged with * 6 A 

5 B unchanged 

6B unchanged 

1 3, 4, 7 

3 

1 interchanged with 21 A 

2 interchanged with 22 A 

3 interchanged with 23 A 

4 interchanged with 24 A 

2 1 B unchanged 

22 B unchanged 

23 B unchanged 

24 B unchanged 

1 5> 19, 25 

6, 20, 26 

7, IS. 29 

8, 16, 30 

9, 13, 3* 11, 17, 27 

10, 14, 32 12, 18, 28 


1 interchar 

2 interchar 

3 interchar 

4 interchar 

13 interchar 

14 interchar 

15 interchan 

16 interchan 

iged with 1 05 A 
lged with 1 06 A 
iged with 1 07 A 
iged with 1 08 A 
iged with 1 25 A 
iged with 126 A 
iged with 1 27 A 
ged with 1 28 A 

105 B unchanged 

106B unchanged 

107B unchanged 

108B unchanged 

125 B unchanged 

126 B unchanged 

1 27 B unchanged 

128 B unchanged 


22, 

118, 

136 

35, 

83, 

151 

23, 

12 1 , 

131 

36, 

84, 

152 

24, 

122, 

132 

37, 

65, 

165 

25, 

77, 

153 

38, 

66, 

166 * 

26, 

78, 

154 

39, 

67, 

167 

27, 

79, 

155 

40, 

68, 

168 

28, 

80, 

156 

4i, 

61, 

169 

29, 

73, 

157 

42, 

62, 

170 

30, 

74, 

158 

43, 

63, 

171 

31, 

75, 

159 

44, 

64, 

172 

32, 

76, 

160 

45, 

69, 

161 

33, 

81, 

149 

46, 

7o, 

162 

34, 

82, 

150 

47, 

71, 

163 
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• division nuclear passing: a significant excess of class 5 A over 5 B with two genes 
one in each arm; of 21 A over 21 B with three genes, two in one arm and one in the 
, W w W w WwzvW 

other; and, best test of all, an excess of 105 A ^ x ^ x over 10 sB ? x x with 

Y y Y y J Y y y Y 

Z z Z z Z * z Z 

four genes, two in each arm or three in one arm and one in the other. In the case 

of two, three or four genes all in one arm of the chromosome, classes 5 (two loci), 
21 (three loci) and 105 (four loci) are produced by a single cross-over in the region 
adjoining the centromere. Hence interchange with the non-cross-over asci will 
not be detected so readily, the classes probably not differing very widely in magni- 
tude. 

Considering secondly the interchange of asci with the single cross-over classes, 
examination of Table 7 in conjunction with Tables 2-4 shows that the following 
classes will be affected: two genes, one in each arm: class 7; two genes in one arm: 
classes 4 A and 7A; three genes, two in one arm and one in the other: classes 19 A, 
25 A and 31 ; three genes in one arm: classes 13 A, 19 A, 25 A and 31 A; four genes, 
two in each arm: classes 41 A, 103A, 109A, 115 and 169B; four genes, three in one 
arm and one in the other: classes 97 A, 103 A, 109 A, 115A and 169; four genes in 
one arm: classes 61A, 97A, 103A, 109A, 115A and 169A. Expressing these 
classes in terms of the cross-overs that normally produce them, it is possible to 
group them together, irrespective of the number of pairs of allelomorphs. The 
following cross-overs will appear to be increased in frequency: 

(i) Three-strand double cross-overs across the centromere, the cross-overs 
occurring in regions adjoining the centromere on either side. 

(ii) All double cross-overs between a region adjoining the centromere and any 
other region in the same chromosome arm, all the genes being in the same arm. 

(iii) Certain triple cross-overs consisting of a two-strand double cross-over 
across the centromere, the cross-overs occurring in regions adjoining it on either 
side, and a third cross-over taking place in any other region. 

Thus the effect of second division nuclear passing on chromatid interference 
data will be to add to two-strand double cross-overs immediately across the centro- 
mere, and to a lesser extent to add to the corresponding three-strand double cross- 
overs; four-strand double cross-overs across the centromere and all cross-overs 
between other regions will be unaffected. 


Planning an experiment to test for chromatid interference 

Three or four genes are the best numbers to use, as with only two genes very 
large numbers of asci would need to be analysed to give significant results, whilst 
to use more than four genes is impracticable since many of the gene combinations 
would almost certainly be indistinguishable. Using three or four genes all in one 
arm of the chromosome is to be avoided if possible, since then two-strand and four- 
strand double cross-overs are so often indistinguishable and second division nuclear 
passing less easily detected. In the sex chromosome, where use can be made of the 
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sex gene, the ideal arrangement for studying cross-overs across the centromere is 
four genes, two in each arm, and for cross-overs in one arm, four genes, three in 
one arm and one in the other. In the autosomes, however, with as many as four 
genes all the gene combinations may not be distinguishable, and then three genes, 
two in one arm and one in the other, is the best arrangement. 

The op timum distance between loci is probably about 15 units and a region 
should never exceed 30 units. If the regions are too short, a very large number of 
asci will have to be analysed before significant results are obtained. If the regions 
are too long a proportion of the double cross-overs will really be triple cross-overs 
with a three-strand double within one region, and in consequence any chromatid 
interference will be less easily detected, and in the case of the proportion of two- 
strand and four-strand to three-strand, the result may be reversed. The frequency 
of four-strand double cross-overs within regions is a guide to the frequency of the 
corresponding three-strand double cross-overs, and hence to the validity of data 
on chromatid interference. 

Summary 

Neurospora sitophila and N. crassa are heterothallic fungi in which a single 
diploid nucleus in the young ascus divides three times in succession, the first two 
divisions constituting meiosis and the third a mitosis. Eight spores are formed 
round the eight nuclei, and by removing the spores in order from individual asci, 
not only can all four products of a single meiosis be isolated and grown to maturity, 
but first and second division segregation can be distinguished. Hence, genes can 
be mapped in relation to the centromere as well as in relation to one another, and 
from analysis of the character and order of the spores in asci showing segregation 
for a number of linked genes, the position of the cross-overs that occurred at 
meiosis can be determined. Moreover, this gives a genetic test for chromatid inter- 
ference, for two-strand, three-strand and four-strand relationships between cross- 
overs are frequently distinguishable by the spore arrangements they produce. 
Tables are given showing the cross-overs associated with all the possible arrange- 
ments of the spores in asci showing segregation for two, three or four linked genes, 
with various dispositions of the genes in relation to the centromere. The effect of 
possible nuclear passing after the second division is considered, and the best 
positions for the genes in testing for chromatid interference are described. 


II. LINDEGREN’S RESULTS WITH NEUROSPORA CRASSA 
Introduction 

Lindegren has mapped five genes on the sex chromosome of Neurospora crassa 
and three on the second chromosome. Those on the sex chromosome, besides the 
sex gene, are the genes gap, crisp , pale and dirty, and on the second chromosome the 
genes peach, tuft mi fluffy; these represent mutant forms of the fungus, diff ering 
from the wild type chiefly in the distribution, abundance and colour of the conidia. 
The wild type or normal N. crassa produces abundant orange conidia in a rather 
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dense mass. The chief characters by which these seven mutants are distinguished 
are the following: 

Gap , G. Conidia in a few scattered clusters on long non-conidial hyphae. 

Crisp , C. Conidia very densely massed and much more brilliant in colour than 
normal . 

Pale, P, Conidia about half as abundant as normal , lighter coloured and some- 
what clumped. 

Dirty, D . Conidia replaced by a yellowish exudate from the abundant aerial 
mycelium. 

Peach, Pe. Conidia of a delicate peach colour, slightly fewer and less dense than 
normal . 

Tuft , Tu. Conidia in large bunches at the top of the white aerial mycelium. 

Fluffy* F. Conidia absent, but an abundance of white aerial mycelium. 

Amongst the many possible double mutants, crisp-pale differs from crisp in that 
the conidia are slightly less abundant and lighter in colour and gap-dirty has the 
conidia replaced by a rusty brown exudate and the growth is much poorer than in 
either gap or dirty . 

Lindegren has analysed a large number of asci showing segregation for various 
combinations of these genes. Altogether five papers have been published giving the 
results of these analyses. The most important of these papers are the fourth (1937) 
in which details of 419 asci showing segregation for sex, gap, crisp and pale are 
given, and the fifth (1939) containing an analysis of 278 asci showing segregation 
for peach , tuft and fluffy. These analyses provide data on chromatid and chiasma 
interference in crossing-over. A study of Lindegren’ s papers has shown that the 
following errors have been made in the inferences drawn from the data: 

(1) In comparing the frequencies of two-strand, three-strand and four-strand 
relationships between cross-overs, four-strand double cross-overs, both in one 
interval, have been wrongly included, for the corresponding two-strand and three- 
strand double cross-overs cannot be detected. 

(2) Many spore arrangements due equally likely to two-strand or to four- 
strand double cross-overs have been recorded as due to two-strand doubles. 

(3) In calculating the expected frequency of double cross-overs, assuming no 
chiasma interference, the two appropriate map distances have to be multiplied 
(after dividing each by 50). The observed frequency of double cross-overs must 
include ‘doubles’ within triples and quadruples, since cross-overs outside the two 
regions under consideration are being neglected. These ‘doubles’ within triples 
and quadruples have been omitted, leading to the erroneous conclusion that double 
cross-overs symmetrically placed about the centromere are abnormally frequent. 

(4) Incompletely analysed* asci have been omitted without allowing for the fact 
that they were probably not a random sample. Asci showing second division 
segregation for a number of genes are much more likely to be incompletely scored 
than those in which segregation is predominantly at the first division. If, for 
instance, the spores in one half of an ascus have failed to germinate, if not more 
than one pair of allelomorphs has segregated at the second division, the ascus can be 
put into its correct class as regards spore arrangement. If, however, two or more 
pairs of allelomorphs have segregated at the second division, it is impossible to 




Results 

In the first paper (1933, p. 149), an analysis is given of 109 asci showing segre- 
gation for the two genes, sex and pale , in opposite arms of the chromosome. The 
parental cross was +Px ~p ( P~pale , p = normal), so that to put the spore arrange- 
ments into the seven classes possible with two genes, as shown in Table 2, 4- is 
replaced by X, - by x> P by Y and p by y. The 109 asci are then found to be dis- 
tributed amongst the classes with the frequencies shown in the second column of 
Table 8, class 5 not being represented. All the asci within each class must have 


shown segregation at the same division for each pair of allelomorphs and h&ve a 
constant percentage of recombination; for instance, asci in class 4 showed segre- 
gation at the second division for +, at the first division for P'and gave 50% 
recombination. The third and fourth columns in Table 8 give the number of asci 
showing second division segregation for + and for P respectively. The totals are 
given at the bottom and the percentages of second division segregation halved to 
give the map distances of the genes from the centromere. The fifth column in 
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determine whether these genes were in their original combination or whether 
they were recombined in the missing half of the ascus, and so the class to which 
the ascus belongs is uncertain. If such asci are discarded, the results will become 
biassed. If at all frequent such incomplete asci must be recorded, together with 
the possible classes to which they might belong. 

(5) Attempts have been made to correct map distances within one arm of a 
chromosome by means of the cross-overs deduced from the arrangements of the 
ascospores. Such correction is only possible between adjacent genes on either side 
of the centromere. 

These errors have necessitated a recalculation of the results to be deduced from 
Lindegren’s analyses of asci of N. crassa . Each of his sets qf data on the frequencies 
of different ascospore arrangements will be considered in turn. 


Class 
(2 genes) 


2nd div. seg. 

Recomb, j 
( X 3 ) 

+ and P 

Simplest 

cross-overs 

Cross- 

overs 

4 to j P 

Asci 

4 

P 

1 

4 

3 

7 

6 

2 

62 

10 

34 

1 

1 

! 1 

O 

IO 

0 

1 

I 

O 

0 

0 

34 

1 

1 

0 

0 

10 cy j 

1 

2 

y 2 

Non-cross-over 

1 in I 

1 in II 

lit} 1 and n 

4-st. in I or II 

0 

IO 

34 

2 

2 

;y. ■ 

Total 

1 

i 109 

12 

36 

49 


50 

Percentage 

11*0 

33 *o 

45 ’° 


4 S *9 

Map distance 

5*5 

i 6 * 5 ‘ 

22*5 


23*0 
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Table 8 indicates the recombination that has occurred between 4- and P. In any 
individual ascus there are three possibilities: all four products of meiosis, i.e. pairs 
of spores, may show the original combination of the genes ; or two may be original 
combination types and two recombination types; or all four may be recombined. 
This recombination might be described in terms of the asci as a whole, when the 
three possibilities would be denoted by 0, | and 1, respectively; but it is more 
convenient to record the recombination in terms of half-asci and denote the alter- 
natives by o, 1 and 2, respectively, and this is the method adopted throughout this 
paper. Hence, the sum of the figures in the fifth column of Table 8, after expression 
as a percentage, must be halved to give the percentage of recombination and the 
map distance. The simplest cross-overs to give each class of spore arrangement are 
entered from Table 2 in the sixth column of Table 8. In the final column, these 
cross-overs are used to correct the map distance from 4- to P by recording all the 
cross-overs known to have occurred in the interval. The analysis gives very few 
data on interference. Double cross-overs, one in each region, show 0 two-strand, 

1 three-strand, 1 four-strand. The expected frequency of all such, double cross- 
overs, if there is no chiasma interference, is 0*33 x o-n x 109 = 4-0. The observed 
frequency is 2. As regards passing of the two centre nuclei after the second division 
in the ascus, there are 62 asci in class 1, which would have given class 5 asci had 
the nuclei passed. The absence of any asci in class 5 shows that nuclear passing is 
rare if it occurs at all. - 

In the second paper (1936^, p. 250), an analysis of 178 asci showing segregation 
for gap and sex, both in the same arm, is given. +G was crossed with —g, and so 
putting G=I, g=LX, + = T and - the six rows of asci in the table can be 
converted to the classes given in Table 2. Class 6 is not represented. The results 
are shown in Table 9, the figures in the third, fourth and fifth columns giving the 
numbers of asci showing second division segregation and of half-asci showing re- 
combination, from which the map distances are calculated below. The simplest 
cross-overs to give each class of spore arrangement are shown in the last column, 
taken from Table 2. It is impossible to correct the map distance from the centro- 
mere to G or from G to 4- by means of these cross-overs, since both genes are in 
the same arm. Neglecting the four asci due to‘ four-strand double cross-overs in 
the interval between G and 4- , since the corresponding two-strand and three-strand 
doubles cannot be detected, the asci give 3 two-strand or four-strand and 2 three- 
strand double cross-overs. The expected total number of such doubles is 
0*107 x 0*185 x 178 = 3*5, assuming no chiasma interference; the observed number 
is 5. These data on interference are again not large enough for any conclusions to 
be drawn. On page 252 of the same paper, 115 of these 178 asci are analysed for 
the gene dirty , D. This gene, however, is located more than 50 units from the 
centromere in the opposite arm to G and 4- , so that the interval is much too long 
for the cross-overs to be analysed at all accurately. 

The third of Lindegren’s papers (19366, p. 255) gives the results obtained 
from seventy-eight asci showing segregation for sex, crisp and pale, the sex gene 
being in one arm and crisp and pale in the other. It is important to note that the 
parental cross was 4- crisp x — pale , so use can be made of Table 3 by putting 
+ =X, -SJC, Cs Y and bi|t P~z and p=zZ. Fourteen of the thirty- two 
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possible classes are represented, and they are shown in Table io, together with the 
numbers of asci showing second division segregation for each of the three genes 
and the numbers of half-asci showing recombination, from which all the map 
distances are calculated at the bottom of the table. The simplest cross-overs are 
shown, taken from Table 3, and in the final column the cross-overs known to have 
occurred between + and C are listed, giving a better estimate of the- true map 
distance between these two genes. In comparing the frequencies of two-strand, 
three-strand and four-strand relationships, the four asci one in each of classes 2, 4, 
6 and 14, must be omitted since the four-strand double cross-overs associated with 
them occurred within regions. Counts of the remainder give the following results: 
Across the centromere there were 4 two-strand, x three-strand and o four-strand; 
within the pale arm there was 1 two-strand, 0 three-strand, x four-strand and 1 
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either two-strand or four-strand. The excess of two-strand relationships across the 
centromere at once suggests nuclear passing, but class 21, the class to which non- 
cross-over asci would be transferred by passing of the centre nuclei after the second 
division, is represented by only a single ascus. The other three two-strand cross- 
over relationships between arms, due to asci in classes 15 and 19, are most unlikely 
to be due to nuclear passing. The data on chiasma interference derived from this 
analysis of 78 asci are shown in Table 14a and b, the observed number of double 
cross-overs including ‘doubles’ within the triple cross-over, but again the figures 
are too small to allow conclusions to be drawn from them. 

In Lindegren’s fourth paper (1937, p. 106) an analysis of 419 asci showing 
segregation for four genes is given, sex and gap in one arm, crisp and pale in the 
other. In this experiment + gap pale was crossed with — crisp, so use can be made 
of Table 4 by putting + m W, — =m, G=X, g=x, C=y, c= F, PsZ and p=z. 
Twenty-one of the 172 possible classes are represented and their frequencies are 
given in Table 1 1 . Three asci in Lindegren’s table had to be omitted as their class 
was doubtful. The omission of such incomplete asci is regrettable since the results 
are likely to be affected thereby, but not knowing in what respects they were incom- 
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plete it is impossible to allow for them. In columns 3-12 of Table x 1 are given the 
numbers of asci showing second division segregation for each of the, genes, and the 
numbers of half-asci showing .recombination, the appropriate map distances being 
deduced at the bottom by halving the totals expressed as percentages. There was 
more recombination between G and P than between + and P largely owmg to the 
excess of asci in class 65. In the final column the simplest cross-overs are given, 
taken from Table 4 b. ‘3-st. ( + )’ means the strand involved at the second cross- 
over but not at the first was derived from the + parent, ‘3-st. ( — ) from the — 
parent. As there were no four-strand double cross-overs within regions, it is 
impossible to correct the distance from G to C by means of the cross-overs deduced 
from the spore arrangements. 

Counting the frequencies of two-strand, three-strand and four-strand cross- 
over relationships gives the following results* Across the centromere the double 
cross-over asci include 12 two-strand, 8 three-strand, 4 four-strand, the triples 
provide 5 two-strand, 2 three-strand, 1 four-strand and the quadruples 3 two- 
strand and no three-strand or four-strand; hence the total is 20 two-strand, 10 
three-strand , 5 four-strand. Comparison with the expected proportion of 1. : 2 : 1 
indicates x 2==I 9*3> the probability for which, for 2 degrees of freedom, is <0*01, 
so that the results are significantly different from expectation assuming no chro- 
matid interference. Within arms, where two-strand and four-strand can be dis- 
tinguished, there are no two-strand or three-strand but 3 four-strand (from classes 
32 and 86); where two-strand and four-strand are indistinguishable, there are 
7 two-strand or four-strand, 4 three-strand. Hence the total within arms is 10 two- 
strand or four-strand, 4 three-strand , which is not significantly different from 1:1. 
The grand total for all regions is 35 two-strand, or four-strand, 14 three-strand, which 
is significantly different from 1:1. The chiasma interference data are shown in 
Table 14 a and b, the observed numbers of double cross-overs including ‘doubles’ 
within the triples and quadruples, and the observed numbers of triples including 
‘triples’ within the quadruples. There is a marked excess of double cross-overs 
between arms and the excess is proportionately even greater with the triples and 
quadruples. Within arms, the observed numbers are only slightly in excess of 
expectation and are probably not inconsistent with the existence of positive chiasma 
interference. As ^regards nuclear passing, there are 290 asci in class 1 which would 
have been converted instead into class 105 A if the centre nuclei had passed after 
the second division. There are only two asci in class 105; it is impossible to tell 
from Lindegren’s published data whether these showed the alternate arrangement 
of the pairs of spores (class 105 A) or the symmetrical arrangement (105 B), but 
obviously the number of asci scored as class 105 but really belonging to class 1 
cannot exceed 2; it is clear that if nuclear passing occurs at all it probably occurs 
in less than 1% of asci. The only other large class is 5 with 52 asci; passing here 
would have given classes 103 and 109, in each of which there is only a single ascus. 
16 of the 20 two-strand cross-over relationships across the centromere are due to 
the asci in classes 65, 41, 169, 37 and 45. All of these are most unlikely to have 
resulted from nuclear passing, which could not possibly explain an excess in these 
classes. Classes 105, 103. and 109 are the only classes in which an excess might be 
due to nuclear passing. 
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The fifth paper (1939) contains an analysis of 278 asci showing segregation for 
peach , tuft and fluffy , all in the same arm of the second chromosome. In the table 
on p. 3 of Lindegren’s paper, the various spore arrangements are unfortunately 
only given in terms of the cross-overs that produced them, so that it is impossible 
to check that the cross-overs have been deduced correctly. Taking Pe as X , Tu 
as Y, F as Z, the classes of spore arrangements given in the first column of Table 12 
have therefore had to be determined from the cross-overs in the last column, by 
using Table 3 in reverse manner from normal. The numbers of asci showing second 
division segregation and of half-asci showing recombination have then been deduced 
from the assumed spore arrangements. Omitting the two four-strand double 
cross-overs within a region, the frequencies of two-strand, three-strand and four- 
strand cross-over relationships are 5 two-strand , 3 three-strand , 2 four-strand and, 
where two-strand and four-strand cannot be distinguished, 15 two-strand or four- 
strand, 14 three-strand . The grand total is therefore 22 two-strand or four-strand , 
17 three-strand . None of these results is significantly different from expectation 
assuming no chromatid interference, but the deviation from expectation is in the 
same direction as in the sex chromosome. As regards chiasma interference data, 
Lindegren’s figures are correct and are included in Table 14 b; they indicate positive 
chiasma interference. 

Discussion 

The chromatid interference data deduced from Lindegren’s analyses of asci 
are summarized in Table 13 a and b. The total for cross-over relationships between 
arms is 24 two-strand , 12 three-strand , 6 four-strand . Comparison with the expected 
proportion of 1:2:1, assuming no chromatid interference gives the 

probability for which, for 2 degrees of freedom, is <^o*oi. Hence the results are 
significantly different from expectation. As already explained only five of the two- 
strand cross-over relationships belong to classes in which an excess could be the 
result of passing of the centre nuclei after the second division, and there is no 
evidence at all that such nuclear passing ever occurs. Hence the excess of two- 
strand relationships and/or shortage of three-strand and four-strand between arms 
would seem to be explicable only in terms of chromatid interference. Within arms, 
where two-strand and four-strand can be distinguished the total is 6 two-strand , 
3 three-strand , 6 four-strand , and where two-strand and four-strand are indis- 
tinguishable, the total is 26 two-strand or four-strand, 20 three-strand . Neither of 
these results is significantly different from expectation, but grouping them together 
the total for within arms is 38 two-strand or four-strand , 23 three-strand , which is 
almost significantly different from 1 : 1, for the probability is 0-055. As the 
deviation is in the same direction as between arms, this result is very suggestive 
that within arms there is also a shortage of three-strand compared with two-strand 
4>lus four-strand. The grand total for all regions is 68 two-strand or four-strand, 
35 three-strand, which is markedly significantly different from the proportion of 
1 : 1 expected on the assumption of no chromatid interference. 

The chiasma interference data are summarized in Table 14 a and ft. ’Taken as 
a whole there is a marked excess «of multiple cross-overs between arms, and 
especially of triples and quadruples. Passing of the centre nuclei after the second 
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Table 13^. Between arms 


Table 13 b. Within arms 
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Table 14 b. Within arms 
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division cannot explain this result, for, as shown above, there is not an excess of 
asci in the few classes in which an excess could be due to nuclear passing. It would 
seem that the negative chiasma interference across the centromere is associated 
with the positive chromatid interference, the excess of double cross-overs between 
arms in ..fact being accounted for by the excess of two-strand cross-over relation- 
ships. Within arms, observed and calculated double and triple cross-overs are 
approximately equal, but the data are insufficient and the results are probably not 
inconsistent with positive chiasma interference. 

The existence of negative chiasma interference (i.e. coincidence greater than 
unity) across the centromere agrees with the cytological work of Newcombe (1941) 
on Trillium erectum and certain data on the third chromosome of Drosophila (see 
Newcombe). That one cross-over should actually favour the formation of a second 
implies some modification of Darlington’s theory of crossing-over (Darlington, 
1935), which relates chiasma formation to a torsion in the paired threads. 

Genetic evidence relating to chromatid interference in organisms other than 
Neurospora is very slight. In the sex chromosomes of male Drosophila a two- 
strand double cross-over occurs regularly (Darlington, 1934). The evidence from 
4 attached J 5 TV and Ting X 9 in Drosophila is somewhat conflicting (Mather, 1933; 
Bonnier & Nordenskiold, 1937; Morgan, 1933). In female Bombyx there is an 
indication of an excess of two-strand double cross-overs, ■from' the correlation in 
the percentages of second division segregation of different parts of the sex chromo- 
some, which themselves show no linkage (Mather, 1935)* In Viola (Clausen, 1926), 
Pisiim (Emerson & Rhoades, 1933) and certain mice (Fisher & Mather, 1936), 
significantly more than 50% recombination has been recorded, implying an excess 
of four-strand double cross-overs. 

Cytological evidence concerning chromatid interference can be obtained either 
by direct observation in favourable material at diplotene, metaphase I or anaphase I 
of meiosis, or from the numbers of first and second division bridges and fragments 
in inversion hybrids. Direct observation has indicated an excess of two-strand and 
four-strand relationships, grouped together (compensating), over three-strand (non- 
compensating) in Stenobothrus (Darlington & Dark, 1932), Melanoplus (Hearne & 
Buskins, 1935) and Trillium (Huskilfe & Newcombe, 1941). The evidence from 
inversion hybrids is more uncertain, but there are indications that two-strand and 
four-strand relationships (grouped together) are more frequent than three-strand 
in Chorthippus (Darlington, 1936) and Fritillaria (Frankel, 1937); equally frequent 
in Paeonia (Dark, 1936); and less frequent than three-strand in Tulipa (Upcott, 
1937). 

Considering the genetical and the cytological data relating to chromatid inter- 
ference as a whole, there is a suggestion that an excess of two-strand cross-over 
relationships, such as appears to exist in Neurospora , may be fairly widespread. 
The simplest explanation, assuming Darlington’s theory of the mechanism of 
crossing-over to be in the main correct, is that one chromatid, by its method of 
formation, is thinner and more fragile than the other and so tends to break more 
often (Mather, 1938). 

All Lindegren’s published data on the percentages of second division segre- 
gation are given in Table 15 # for the genes of N. crassa that have been mapped, 


m 
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and the percentages of recombination between them are given in Table 15 A Maps 
of the sex chromosome and of the second chromosome, based on the mean values 
from these data, are shown in Fig. 5. All map distances derived from the 178 asci 
analysed in the second paper (1936 a) are consistently higher than the average, and 

Table 15 a. Distances from centromere 
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Total 


Total 


Fig, 5. Maps of the sex chromosome and of the second chromosome of Neurospora crassa , based on 
the whole of Lindegren’s published data. 

sex gene showed segregation at the second division; this gives 14-4% second 
division segregation and a map distance of 7-2 between the sex gene and the 
centromere. This distance however can be corrected through the use of the inter- 
mediate gene gap. 597 asci have given 5-9% recombination between sex and gap, 
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Table 15 b. Distances between genes 
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and 607 asci have given 8*9% second division segregation, equivalent to a map 
distance of 4*4 between G and the centromere. Hence the best estimate of the 
distance of the sex gene from the centromere is 4*44-5*9 = 10*3. 

Summary 

A recalculation of the results to be derived from Lindegren’s analyses of asci 
of Neurospora crassa showing segregation for a number of linked genes, leads to the 
following conclusions: 

1 . Between the two arms of the sex chromosome there is a marked excess of 
two-strand cross-over relationships compared with three-strand and four-strand, 
i.e. positive chromatid interference. 

2. In the same region there is also a marked excess of double, triple and quad- 
ruple cross-overs, i.e. negative chiasma interference. 
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3. Wi thin chromosome arms, insufficient data have been collected to give 
significant results, but there is a suggestion of an excess of two-strand and four- 
strand cross-over relationships (grouped together) compared with three-strand. 

4. In the same regions, the data are probably consistent with positive chjasma 
interference. 

5. There is no evidence to suggest that passing of the centre nuclei after the 
second division in the ascus ever occurs; there is good evidence that such passing 


must at least be rare and take place in less than 1 % of asci. In any case, however 
frequently such passing might have occurred, it could not explain the positive 
chromatid interference and the negative chiasma interference across the centro- 



III. THE SEX CHROMOSOME OF NEUROSPORA SITOPHILA 

Introduction 

The genetic study of Neurospora sitophila was begun by Wilcox (1928) who 
dissected six asci by hand. In one of these insufficient spores germinated to deter- 
mine the division at which segregation for sex occurred, but in the remaining five 
segregation was at the second division. Dodge (1929) reported a mutant albinistic 
which produced very pale fluffy aerial mycelium and no conidia, instead of the 
masses of orange conidia of the normal or wild type. The dissection of fourteen asci 
by Dodge (1930), of fifteen by Lindegren (1932) and of twenty-five by Aronescu 
( I 933) are the only further analyses that have been made. They gave the results 
shown in Table 16, the figures in the columns headed ‘2nd’ giving the numbers of 
asci showing second division segregation. Altogether fifty-nine asci have been 
analysed for sex, of which thirty-two had segregated at the second division, or 
54’ 2 %> gwin g an uncorrected map distance of 27*1 between the sex gene and the 

Table 16 


Albinistic 


Recomb. 


Wilcox (1928) 
Dodge (1930) 
Lindegren (1932) 
Aronescu (1933) 

Total 


100 


centromere. Thirty-two asci have been analysed for albinistic , of which eight had 
segregated at the second division, giving 25% second division segregation and 
indicating that the gene for albinistic is 12-5 units from the centromere of its chromo- 
some. There is no evidence of linkage between sex and albinistic. The asci analysed 
by Dodge gave seven original combinations and seven recombinations (counting a 
pair of + albinistic cultures and their complement, a pair of — normal cultures as 
one, i.e. counting half-asci). Aronescu, unfortunately, does not record data’ on 
recombination. Hence, although it is almost certain that the gene for albinistic is 
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not in the same chromosome arm as the sex gene, it is not impossible that it is 
located in the other arm, where one would expect about 35 % recombination. To 
detect such a percentage of recombination about twenty- two asci would need to be 
analysed before significant results could be expected. 

In the course of the present study, the position of the sex gene, located much 
farther from the centromere than in N. crassa , has been confirmed, and three other 
genes on the sex chromosome have been mapped, with a view to testing for chro- 
matid and chiasma interference. 


Material and methods 

The stock of Neurospora sitophila used is that described by Ramsbottom & 
Stephens (1935) as having been found by W, H. Wilkins growing in enormous 
quantity on the ends of beech battens which were being kiln dried in a timber yard 
at Chichester in 1933. The -f and — strains are morphologically indistinguishable, 
both producing abundant orange conidia. When 200 conidia from the + strain 
were isolated in separate tubes of agar and the mycelium allowed to grow to 
maturity, it was found that twenty-five were of a mutant type called pink, and when 
an ascus from a cross between the original -f and — strains was dissected and. the 
eight spores grown separately, it was found to have segregated for pink and normal , 
as well as for + and — . Three other mutants, brown , orange and weak appeared in 
single spore cultures of conidia treated with large doses of X-rays, and consequently 
were probably X-ray induced; several other abnormal forms were also obtained in 
the same way, but their characters are less well defined and they have not yet been 
analysed genetically. The chief characters subject to variation are the following: 

(i) The colour of the agar. 

(ii) The conidia (produced at the thinnest part of the agar slope). 

(iii) The non-conidial aerial hyphae (on the surface of the agar). 

(iv) The sclerotia, or false perithecia (usually on the glass)." 

(v) The form and rate of growth of the hyphae. 

The characteristics of normal N. sitophila and the four named mutants are 
given below, as they appear in mature cultures grown on Dox’s agar at room 
temperature. On malt agar growth is more vigorous and the mutants are much 
less readily distinguished. 

Normal. Agar with a slight yellowish tinge; conidia orange and abundant; 
aerial hyphae mostly clustered into rounded masses several millimetres in diameter; 
sclerotia abundant; growth extremely rapid, about 1*5 mm. per hr. at 27 0 C. 

Pink, Pk . Agar a pink colour throughout, the colour being retained permanently; 
conidia pinkish orange, about one third as abundant as normal ; aerial hyphae and 
sclerotia usually absent; growth very rapid but slightly slower than normal There 
have been indications that pink survives both drying up of the agar and treatment 
by X-rays more readily than normal 

Brown , B. Agar uncoloured; conidia replaced by a dense mass of drops of 
brownish orange exudate (compare Lindegren’s mutant dirty); aerial hyphae 
usually absent, but white fluffy mycelium occasionally appears in considerable 
abundance; sclerotia absent; growth very slow, one twentieth of normal, or less, 
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the hyphae tending to grow in circles. The cytoplasm of the hyphae seems to 
degenerate very readily.- After the ascospores have germinated, for about a week 
at 27 0 C. the hyphae hardly grow at all, and out of 1 52 germinated spores that have 
been isolated, 94 died at this stage. 

Orange , O. Agar coloured a bright orange at the surface, but the colour only 
lasts about two weeks; conidia about one-third as abundant as normal , borne on 
very short hyphae ; aerial hyphae abundant, evenly distributed over the surface of 
the agar; sclerotia usually absent; growth slow, about one-fifth of the normal rate, 
with much more crowded hyphae. 

Weak , W. Agar with a slight pink tinge ; conidia weakly developed, about one- 
tenth as abundant as normal ; aerial hyphae usually absent; sclerotia absent; growth 
very rapid but slightly slower than normal and with fewer hyphae. 

The double mutants, pink-brown and weak-brown are similar to brown except 
that the brownish drops replacing the conidia are very much less abundant. 

A screw micromanipulator is used for the dissection of asci, and the method 
finally adopted is as follows: Some perithecia are transferred to a drop of sterile 
water on a microscope slide by means of an inoculating wire, and crushed under a 
coverslip, so that the clusters of asci are ejected into the water. The perithecia 
must be of the right age ; if too young the spores will be unripe, if too old the spores 
will have been shed from the asci. A cluster containing asci with all eight spores, 
ripe is then picked up on the inoculating wire, under a prismatic binocular micro- 
scope, and transferred to Box’s agar on another microscope slide. The dissection 
of individual asci is done under another binocular microscope with x 17 eyepieces 
and a 2/3 in. objective, to give room for the fine glass needles of the micromani- 
pulator between the objective and the slide. An ascus at the edge of the cluster is 
chosen and the needle inserted between spores 1 and 2, or between 2 and 3, 
numbering from the top end, and the tip of the ascus dragged away from the cluster. 
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four or five days before adding the normal mycelium of known sex, to allow for the 
difference in growth rate. Lack of production of perithecia is not always a reliable 
test that two strains are of the same sex, since sterility is common. 

The original stocks of the normal N. sitophila and of the various mutants 
showed a high degree of sterility. Perithecia were usually formed, but the majority 
contained no ripe spores at all, and to find an ascus with all eight spores ripe 
required a long search. By selecting the most' fertile crosses, however, the fertility 
was rapidly increased in the course of one or two generations. In this connexion 
it is worth noting that the correlation between size and abundance of perithecia and 
fertility is very slight, large perithecia being often completely sterile and small often 
highly fertile and containing thousands of spores. The distribution of the perithecia 
is of interest; usually they are scattered throughout the + and — mycelia, but less 
frequently they are confined to the mycelium of one or other sex. For instance, a 
fertile stock of — pink has been obtained and when this is crossed with any strain 
of + normal , perithecia are always confined to the pink mycelium. 

It is important that the asci dissected should have more than four of the spores 
ripe, because the paler coloured unripe spores will not germinate. Moreover, if the 
asci are showing segregation for slow and quick ripening of the spores and if, as is 
possible, spores at one end of the asci tend to ripen earlier than those at the other 
end, by dissecting asci with only four spores ripe, one may be unconsciously 
selecting asci that have segregated at the first division for the factor affecting 
ripening of the spores. Another practical point of importance concerns asci 
showing segregation for an inhibitor of germination, and it also applies to asci in 
which two pairs of spores have failed to ripen. If the inhibitor has segregated at 
the second division, first division segregation for other characters can never be 
detected but it may be possible to detect second division segregation. For instance, 
supposing spores 3, 4, 7 and 8 have failed to germinate, if spores 1, 2, 5 and 6 are 
all of the same sex, then segregation for sex must have been at the second division; 
if, however, the two pairs that survived are of opposite sex, it is impossible to tell 
at which division segregation for sex took place. Hence, when counting the numbers 
of asci showing first and second division segregation for a pair of allelomorphs, asci 
which have segregated at the second division for an inhibitor of germination (or of 
ripening of the spores) must be omitted, whether the division required can be 
determined or not. If segregation for an inhibitor has occurred at the first division, 
the division at which segregation has occurred for other characters can always be 
determined, but if the inhibitor is linked to one or more of these characters, then 
by counting asci showing segregation for the inhibitor at the first division, but not 
those at the second division, there will be an unconscious selection for asci showing 
first division segregation for the characters linked to the germination-inhibitor. 


Results 

The percentages of second division segregation obtained for the various genes 
are shown in Table 17. The figures in the second column give the total numbers 
of asci analysed and in the third column the numbers which showed segregation at 
the second division. The last column gives the uncorrected map distance of the 
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genes from the centromere, obtained by halving the percentage of second division 
segregation. Eighty-seven asci have been analysed for sex and 50 of these had 
segregated at the second division, or 57*5%, in good agreement with the figure of 
54-2% obtained from the earlier data. Pink gives an even higher percentage of 
second division segregation, almost 70%, and brown and weak each give about 

Table 17 


Gene 

Asci 

2nd 

% 2nd 

Dist. 

+ 

87 

So 

57’5 

28-7 

Pk 

26 

18 

69-2 

34*6 

B 

46 

18 

39*2 

19-6 

W 

25 

9 

36*0 

18*0 

O 

6 

5 

83-3 

41-7 


40%. Altogether, sixteen asci showing segregation for orange and normal were 
dissected, but eleven of them also showed segregation of a gene which caused the 
spores either to fail to germinate or to die young. This gene showed no linkage 
either to orange or to sex, but unfortunately ten of the eleven asci had segregated 
at the second division for the lethal, so that data on the division at which segre- 
gation for orange occurred are available for only six asci. They suggest that the gene 
for orange is far from the centromere of its chromosome. 
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Half-asci 



Total 

Orig. 

Recomb. 

/q JbCcconiD. 


— — 



53 

42 

11 

21*2 

92 

80 

12 

13*0 

30 

22 

8 

26-7 

56 

34 

22 

39*3 

46 

3 i j 

15 

32-6 

24 

12 

12 

50-0 


Pk and + 53 42 11 2i-2 

B and 4 - 92 80 12 13*0 

Pk and B 30 22 8 26^7 

W and + 56 34 22 3Q-3 

WandB 46 31 I 15 32*6 

O and 4 - 24 12 | 12 50-0 

The recombination obtained between the genes is shown in Table 18, in terms 
of half-asci. Pink and brown are linked to sex and, less closely, to each other, and 
weak is linked to brown , and, rather slightly, to sex. Taken in conjunction with 
the distances from the centromere, the disposition of these four genes is clear, and 
is shown in Fig. 6, pink being distal to the sex gene, brown proximal to it and weak 
in the other arm. All the distances are in good agreement. The figure of 34*6 for 
the distance of Pk from the centromere is not at variance with the other measure- 
ments, since distances from the centromere, when uncorrected for double cross- 
overs, are unlikely greatly to exceed 33*3. There is no indication that orange is 
sex-linked. 

Discussion 

The fact that three of the four mutants tested should prove to be sex-linked, 
fc^at the number of chromosomes in Neurospora sitophila is small. The 
location of pink distal to the sex gene is of special interest, since the failure to find 
any genes in such a position in N, crassa led Lindegren (19366) to suggest that sex 
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might be due to a distal differential region of the chromosome, where crossing-over 
was suppressed, instead of to a single gene. 

The difference in the positions of the sex genes in N. crassa and in N. sitophila 
suggests that a translocation or an inversion of a segment of the sex-chromosome 
may have taken place during the evolutionary divergence of the two species. These 
two species are morphologically very similar and cannot be distinguished for certain 
except by examination of the asei (Shear & Dodge, 1927). They will hybridize and 
the hybrid is fertile. A study of segregation in the hybrid will be a method of 
approach to the elucidation of the differences in the chromosomes of the two species. 
In this connexion, Dodge (1931) has analysed twelve asci from a backcross between 
the hybrid and N. crassa ; he found nine had segregated for sex at the first division 
and three at the second, giving 25 % second division segregation. 


* 32-6 - - ->f - 26-7 - > 

<- 28-7 > 

< 31-6 -> 

< - 39-3 > 

Fig. 6. Map of the sex chromosome of Neurospora sitophila. 

The genes weak, brown, sex and pink are well placed for a study of chromatid 
interference, but brown is unsuitable since less than half the ascospores survive 
beyond the early stages of germination, and the double mutants pink-brown and 
weak-brown are probably indistinguishable. 1 It would be desirable, therefore, if 
possible, to find another gene, located close to brown, that could be used in place 
of it. 

Summary 

1. Analysis of asci of Neurospora sitophila has confirmed that about 56% of 
asci show segregation for sex at the second division, compared with about 14% 
in N. crassa. 

2. The gene for the mutant pink, obtained from the original stock, is located 
in the same arm of the sex chromosome as the sex gene, and distal to it. The genes 
for the mutants brown and weak, probably X-ray induced, are proximal to the sex 
gene, and in the other arm of the sex chromosome, respectively. A fourth mutant, 
orange, also probably X-ray induced, shows no linkage to sex. 

This work has been made possible by a grant from the Department of Scientific 
and Industrial Research. I would like to express my thanks to Dr D. G. Catcheside 
for his helpful criticism throughout the course of the work. 

1 It has since been found that brown grows satisfactorily if yeast extract is added to the medium. 
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ON THE PRIMARY DISPERSAL AND ISOLATION 
OF FUNGAL SPORES 

By C. G. DOBBS 
King's College , London 

(With i figure in the text) 

Part I. Passive dispersal 

F ingal spores are dispersed through the two media, air and water. Both may 
at different times play a part in distributing the same spore, but it is probable 
that very few, if any, fungi are, entirely restricted to one medium. It is con- 
venient, however, to distinguish between primary dispersal , by which the spore is 
carried away from the parent body, and secondary dispersal , by which is meant any 
subsequent distribution after it has once come to rest. 

Primary dispersal may occur within a one- or two-phase system formed by the 
two media (ignoring the phase constituted by the spores themselves), i.e. (i) in 
water alone, (2) in air alone, (3) in drops or on bubbles of one in a continuous phase 
of the other. Furthermore it may be active , the fungus supplying the initial energy, 
or passive, movement being due to the difference in density between the spore, or 
its containing drop, and the surrounding medium, together with movements of the 
medium or of other organisms, e.g. insects. With active spore dispersal, which 
has been the subject of extensive studies, I am not here concerned except to point 
out that it falls into the three classes mentioned above, as represented by (1) swarm- 
spores, (2) basidiospores, (3) ascospores. Biologically important as they are, most 
mycologists are in practice less concerned with these than with the numerous 
accessory spores produced in culture, which are all of the passively dispersed type. 

Before the dispersal of these spores can be fully understood their behaviour 
both in water and air must be studied. The movement of spores through water can 
be observed under the microscope, whereas in general their movement through air 
cannot. This probably accounts for the neglect of the study of passive air dispersal 
as compared with water dispersal and active spore- or spore-drop-shooting, in 
which there is often a conspicuous discharge mechanism, and the sudden dis- 
appearance of the spore can be seen and its trajectory determined. 

Since passively dispersed spores are difficult to find, the simplest method avail- 
able for the study of this type of air dispersal is to receive them on a nutrient 
medium on which they will develop into colonies which can readily be seen. 

The information incorporated below has been obtained by use of the simple 
‘blower’ described in Part II, and also by spore-shedding tests in which the fungus, 
grown in a flask on the expanded end of a glass tube, is free to shed its spores on to 
a nutrient medium in the bottom. 

If the spore-shedding capacity of the fungus is tested while it is moist and dry, 
in still air, and subjected to gentle and fairly strong ‘puffs’ from a rubber bulb 
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(avoiding violent blasts such as will detach whole spore masses or pieces of myce- 
lium), it is possible to carry out a preliminary classification with respect to air dis- 
persal as follows : 

Spore-retainers . Shed no spores (or very few spores or spore masses over a long 
period when dry) under any of the above circumstances. 

Spore-drop-shedders. Spore retainers in general, but scatter spore-containing 
drops when moist and subjected to rather strong blowing or shaking of their support. 

Dried-spore-shedders. Shed few or no spores while moist, but broadcast many 
when dry and subjected to gentle blowing. 

Spore-shedders. Shed some spores in still air soon after they are produced on 
the moist colony. Broadcast many spores when subjected to gentle blowing. 

If spore-shedding tests are carried on long enough some idea can be gained of 
the length of the period of primary air dispersal. Sporangiophores of Rhizopus 
nigricans , for instance, which were first observed to drop spores in March 1939 were 
found two years later to be still rigid and erect and capable of shedding a few viable 
spores when subjected to tapping of their support. 

Such tests, however, give information about air dispersal only and need supple- 
menting by direct observation with the microscope on moist and dry cultures of the 
fungus. Owing to its relative density and power of dissolving mucilages water is 
capable of dispersing all fungal spores, but there is need for an investigation on the 
clumping and ‘wettability’ of spores in water. General observation shows that 
fungi may be dispersed solely by water, they may occasionally be carried through 
water on the surface of bubbles, or they may be spore-drop-formers . 

An attempt to combine what is known about dispersal in both media in a 
tentative grouping of the main types of passive primary spore dispersal is given 
below, in order of increasing importance of air and decreasing importance of water. 
It is based upon general observations on the fungi during the past eight years, with 
spore-shedding tests carried on intermittently since 1938, and will no doubt need 
modifying when a greater bulk of precise information becomes available. The word 
‘spore’ should be interpreted in the broadest sense. 

Clearly a given spore type may be dispersed in several different ways, but may 
nevertheless be classified in one of the following groups according to its predominant 
method of dispersal. 

Groups I— III. Continuous phase , water. 

I. Single phase : primary dispersal by water (with varying amounts of secondary 
dispersal by air). 

(a) Spores produced in and separated by external water (i.e. water not extruded 
by the fungus), e.g. oidia of many fungi in nutrient solutions. 

(b) Spores produced in pools of water or slime extruded by the fungus, and 
dispersed by natural water (rain, dew, soil water), e.g. Fusarium spp., probably 
most Melanconiales. 

The majority of these are spore-retainers , the spores being stuck together by 
mucilage when they dry down in situ. This prevents primary air dispersal, though 
not secondary air dispersal ^fter they have been separated by water. Some primary 
dried-spore-shedding may occur, but is subsidiary to water dispersal. 
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II. Two phases: gas in water. Spores (oidia) carried upwards on bubbles as in 
‘working* yeasts. If we interpret the yeast colony rather than the cell, as the 
‘parent body* this must cause a certain amount of primary dispersal. 

III-V. Two phases: water in air. Spore-drop-formers — spores, while on the 
parent mycelium, enclosed for a time in ‘spore-drops*. 

III. Primary dispersal by water. Spore-drops may run together into larger 
drops or pools (diffluent-walled mucors) or into slimy masses (pycnospores of 
coelomycetes), and the spores are dispersed by natural water as in group I (b). 
Where the drops run together very early and new spores are formed in them this 
group merges into I (b). Where the drops do not run together they may dry down 
and form spore masses on the mycelium, or on solid objects which they happen to 
touch. The spores in these are usually firmly stuck together, but are readily dis- 
persed by natural water (e.g. probably most soil mucors). Where the spore-bearing 
hypha is long, one may say that its elongation causes a certain amount of ‘active* 
spore dispersal through air, e.g. Phycomyces , Pilaira. 

Spore-retainers . As in group I, some primary dried-spore-shedding may occur, 
but is subsidiary to water dispersal. In some fungi, however, the two media seem 
to be used to a comparable extent, e.g. Mucor racemosus , Secondary air dispersal 
also occurs, e.g. of mucors on soil dust. 


Groups 1 V-VL Continuous phase , air. 

Secondary water dispersal is always possible, and is predominant in group IV, 

IV. Spore drops distributed through air, 

(a) By insects or other animals or solid objects (oidia of Coprinus , rust pycno- 
spores, probably many mucors and other fungi which grow on dung or organic 
remains). 

(b) By fairly strong air currents or shaking of their support. Spore-drop - 
shedders. Peronosporales, some Mucorales, e.g. Dicranophora , probably many fungi 
which form drops on tall erect sporophores. 

V. Spore drops drying down in situ, some dry spores being dispersed by air. 
Dried- spore- shedders. Rhizopus, Absidia , some mucors with fragmenting walls, 
e.g. Mucor racemosus. Judging by preliminary tests, aerial mycelium of some 
Fusaria and several soil Hyphomycetes not fully identified. 

VI. Single phase, air. Spores not enclosed in drops, often not wetted when 
drops are present. Dispersed directly by air. Spore-shedders , by far the largest 
group. Many, but not all, ‘ conidial * Mucorales, e.g. Pipiocephalis , Syncephalastrum , 
Cunninghamella. Most common Hyphomycetes, e.g. Penicillium , Aspergillus , Mo- 
nika, Botrytis , Cladosporium , Alternaria. Also many spore types not produced in 
culture, e.g. of smuts, rusts and puff-palls. 


The work started with the Mucorales in which some mucors have been shown to 
be spore-drop-formers (see Dobbs, 1939). Spore-shedding tests then showed that 
the thin-walled mucors {Mucor hiemalis , M. rouxianus) are spore-retainers, as also 
are Zygorhynchus and Pilaira ... 

Rhizopus [see also Ingold (1940), who noted its air dispersal], Absidia , and to 
some extent Mucor racemosus and other unidentified mucors with fragmenting 
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walls, were shown to be dried-spore-shedders, and several conidial forms, Pipto- 
cephalis , Syncephalastrum , Cunninghamella , to be spore-shedders. 

The tests were soon applied to other groups of fungi, particularly the Hyphomy- 
cetes, which were shown to fall into the same general groups before my attention 
was drawn to the morphological distinction between slime-spores and dry-spores 
made by Mason (1937), in the new classification of Hyphomycetes recently brought 

\ is the basis of their main 
, is concerned, not with the dispersal of 
presented for dispersal’ and are freed from 


out by Wakefield & Bisby (1941). This distinction, which 
division into Gloiosporae and Xerosporae, 
the spores, but with the way they are c \ 
their points of attachment to the parent hyphae. 

Approaching the matter independently from the physiological side, and working 
chiefly on a group in which this distinction does not precisely apply, I had arrived 
at the somewhat different conception of ‘ primary dispersal’, which is concerned 
with the separation of the spore, not only from its point of attachment but from the 
plant on which it grows, and its dispersal to a place at which it might give rise to a 
new plant. 

Nevertheless, as would be expected, the physiological groups correspond 
broadly to the morphological ones. Group VI (spore-shedders) will probably be 
found to include all the Xerosporae, and the Gloiosporae will be divided up among 
groups I-V, in what proportion remains to be seen. 

Mention should also be made of the work of Stepanoff (1935), to which Mason’s 
paper has drawn my attention. Confining himself to parasitic fungi, he tested their 
dissemination by air currents and distinguished three groups: (1) very easily 
detached and carried away (corresponding to my spore-shedders), (2) detached and 
carried away with difficulty (probably include spore-drop-shedders and some I have 
regarded as spore-retainers), (3) not disseminated by air at all (spore-retainers). 

The first two groups, which include the majority of fungi tested, are classed as 
‘anemochores’, the third is divided into c hydrochores ’ and ‘zoochores’, and 
mention is made of 'other mechanical means’ which may include some ‘active’ 
spore dispersal. The physiological study pf the movement of spores in air, which 
I have not attempted here, is carried out in detail, but (judging by the abstract 
which alone is available) the distinction between active and passive, primary and 
secondary spore dispersal appears not to have been made. 

As I have been working chiefly on saprophytic moulds, and Stepanoff on plant 
parasites, the two studies are largely complementary. 

These conclusions are published at this preliminary stage in the hope that they 
will be stimulating and useful, and because it may be long before a fuller treatment 
can be attempted, but they are in no sense intended to be final. 
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Part II. Isolation of air-borne spores 

It is a remarkable fact that, whereas a large proportion of the fungal spores 
produced in culture are naturally air-borne— Wakefield & Bisby place three- 
quarters of the British Hyphomycetes in the Xerosporae — yet water plays the chief 
part in all the methods of spore isolation in common use. 

In the comprehensive summary of techniques for the isolation of single micro- 
organisms given by Hildebrand (1938), without exception all the methods described 
involve primary dispersal* of the spores or bacteria in a watery liquid. Secondary 
dispersal may involve the use of droplets (corresponding to group III) or the so- 
called dry-needle method which picks up a slimy spore from a wet surface (corre- 
sponding to group IV (a)), but there is no instance of the use of the natural medium 
for the dispersal of dry spores. 

Water dilution is the only available method for many water- dispersed spores, 
which either will not separate, or sometimes will not survive in air. It can also be 
used for air-dispersed spores, all of which can exist for a time in water which is 



Fig, 1 . A, Diagrammatic section of blower in use. 33, Oblique view of mouth, of blower. 

For description see text. 


essential for their germination; but it is not necessarily the best method. Dry 
spores of Rhizopus , for instance, do not wet readily, and hang together in festoons 
on the surface of the water, whereas they separate freely in air. 

As it seemed reasonable to suppose that an isolation method which corresponds 
closely to the natural means of dispersal of the spores would possess advantages, an 
investigation was started into the technique of blowing dry spores on to a wet 
medium in which they could germinate, which is roughly what occurs in nature. 

A simple insufflator (or more shortly, blower) was therefore devised for blowing 
dry spores off the parent mycelium on to nutrient medium in a Petri dish, and has 
been found useful and effective. It consists (see Fig. i) of a pyrex glass tube 
having a rubber bulb with inlet valve at one end, and two prongs of tungsten wire, 
fused in just below and projecting in front of the mouth. At a point nearer the bulb 
the tube is drawn into a slight waist above which it is plugged with cotton-wool. 

The function of the plug is not only to filter the air, but also to damp down the 
velocity of the blowing, which can be varied by adjusting the length and density 
of the plug, the size of the exit hole and the distance of the wire hook from it, as 
well as the rate of compression of the bulb. 

The part of the blower below the plug is flamed, and a tuft of aerial mycelium 
is picked up on the prongs, or if necessary a piece of the culture medium can be cut 
out and placed on them. A third method is to take up a very small wisp of sterile 
cotton-wool on the wire and touch that on the sporing surface, but with very fine- 
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spored species, e.g. of Penicilliim, all that is necessary is to touch the surface with 
the wire itself, as when inoculating normally. The end is then pushed under the lid 
of a Petri dish, the edges of which are closed on to the ' kinks behind the mouth of 
the blower, as shown in the diagram. One gentle puff is usually all that is needed. 
The procedure is then as with an ordinary dilution plate or loop streak. 

If the blowing has been judged rightly well-spaced colonies appear on the dish, 
and in the early stages many of them can be identified as arising from a single 
spore, and can easily be picked up with a scalpel or dummy objective. Too violent 
blowing results not only in crowding but in a higher proportion of multispore 
colonies. Where, however, the mycelium is moist, since drop dispersal is not 
wanted, the blower may be used hot with advantage. 

As an example of the effect of this method, a single puff on a small tuft of 
Rhizopus nigricans gave 128 colonies, with the following distribution as to spore 
numbers: about 

, A ^ 

No. of spores 1 2 3 4 5 6 7 8 9 10 12 13 15 16 18 22 40 80 500 

Colonies 71 18 7542433 1 1 21 1 1 1 1 1 1 

, With fine-spored Penicillia the same treatment gives several thousand colonies on 
the plate, and a scarcely perceptible puff is required to give an optimum distri- 
bution. 

For spore isolations the chief advantage of this method over those in common 
use is its extreme simplicity, operations being reduced to an absolute minimum, 
so that if necessary it can be repeated with greater frequency; only the surface of 
the medium need be examined for spores, whereas in a dilution the whole thickness 
must be searched, and even in a 'streak’ the wire sometimes digs spores into the 
medium. 

It has also certain other uses, for example: 

(1) It provides a simple practical test for distinguishing a spore-retainer from 
a spore-shedder. If no colonies appear after gentle blowing, and if violent blowing 
detaches only a few spore-masses, or pieces of mycelium, a water-dispersal method 
for isolation is indicated, but where many colonies appear after the first blowing, 
their number gives an indication of the effectiveness of the spore type in air dis- 
tribution. 

(2) It is the simplest means of separating spore-shedding fungi from spore- 
retaining ones (e.g. Rhizopus or Absidia from Mucor ), or from moist bacterial 
colonies. 

(3) It is also effective in separating out a mixture of spore-shedding fungi, and 
may reveal the presence of previously unsuspected strains or species, provided that 
they are not spore-retainers. Dried bacteria on the hyphae are also separated out 
on the plate. 

(4) It is useful in teaching for inoculating class material, especially where slow- 
growing species are required to cover the plate quickly, or it is desirable to give each 
student one or more whole colonies to examine, and can be used for mixing the 
colonies of two strains on the plate, either to avoid staling effects, to get sexual 
reactions all over the plate, or for infecting with a parasite (e.g. Piptocephalis ). 
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The main objection to the method seems to lie in the possibility of infecting the 
laboratory with spores, and for that reason it is best not done in the culture room. 
The chief danger arises not during the blowing, which is done inside a nearly 
closed Petri dish, the spores being blow away from the gap, but while the sporing 
hyphae are exposed to the air on the hooks of the blower. These should, of course, 
be flamed immediately after the operation, and if the exposure is reduced to a 
minimum, and the blower is handled gently in still air, the infection caused need 
be no more than with an ordinary inoculating needle. 

Summary 

Part L A distinction is drawn between active and passive, primary and secon- 
dary, spore dispersal, and a tentative grouping of passive primary spore dispersal 
types is outlined, in order of increasing importance of air and decreasing importance 
of water. A majority of fungi tested in air are found to be spore-shedders , a minority 
spore-retainers. 

Part II. It is pointed out that hitherto all methods of spore isolation have made 
use of water as the primary dispersal medium, and a simple method of isolation by 
air is described. 
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CYTOLOGICAL AND ECOLOGICAL NOTES ON 
SOME SPECIES OF GALIUM L. EM. SCOP. 


By B. L. HANCOCK 

Department of Botany, Oxford 
(With 2 figures in the text) 

T his work began, at the suggestion of Dr A. R. Clapham, with a cytological 
investigation of forms of Galium palustre L. which grow in the neighbour- 
hood of Oxford. Later it was extended to G. uliginosum L., to material of 
G. palustre from a number of other localities, and to G. debile Desv. from Chudleigh 
Knighton, Devon. Since the work was begun in the late autumn of 1940 when 
flowering and fruiting had been completed, and since only one academic year was 
available, cytological work was commenced on material whose accurate identification 
was impossible at the time. All plants whose chromosome number was counted 
were transferred to pots for subsequent examination. These plants are still available 
(January 1942). 

Cytological technique 

Somatic chromosome counts were made from actively growing root tips. These 
were conveniently obtained by placing the plants in water which was changed 
daily to improve aeration. An abundant supply of relatively thick and straight 
roots, mostly adventitious, was produced in a week, although in winter the supply 
was less certain. 

Excellent fixation was obtained with Belling’s Navashin type fixative. Owing to 
their small diameter, the root tips were mounted together on cards (Randolf, 1940) 
before embedding in paraffin wax of m.p. about 50° C. Sections were cut trans- 
versely at 8 or 10 //, for the higher polyploids, with a Spencer rotary microtome. The 
chromosomes were stained with crystal violet by Randolf s method (quoted by 
Newcomer, 1938) which includes mordanting in 1 % chromic acid for 20 min. 
before staining. The best results were obtained by staining for 2jhr. in o-i% 
crystal violet, increasing the time in alcoholic iodine to 5 min. and shortening the 
differentiation to about 45 sec. in absolute alcohol and about 12 sec. in clove oil, 
but addings about 1 min. of slow differentiation in a mixture of 2* parts xylol to 
1 part absolute alcohol, after 2 min. in xylol. The following is the complete schedule 
(for further details see Hancock, 1942): 

1. Fix the root tips in Balling’s Navashin type fixative. Evacuate 

for a few minutes and leave Overnight 

2 . Harden in 50 % alcohol 3 hr. 

3. Mount root tip§ on card „ 

4. Dehydrate and harden gum in 70 % alcohol Overnight 

5. Continue dehydration and embedding in paraffin wax by the 
chloroform method (La Cour, 1937) 
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6. Cut sections (transversely for chromosome counts) about ioju- 

in thickness 

7. Dissolve out the wax in xylol and take the slides down from ethyl 

alcohol to water in the usual way 

8. Mordant in i % aqueous chromic acid 20 min. 

9. Rinse in tap water and then in two or three changes of distilled 

water About 10 min. 

10. Stain in o-i % (or 0*5 %) aqueous crystal violet 2 £ hr. 

1 1 . Rinse in tap water 

12. Iodine and potassium iodide in 80% alcohol 5 min. 

13. 95 % alcohol 2-3 sec. 

14. Three changes of absolute alcohol A total of 30-45 sec. 

15. Clove oil 10-15 sec. 

16. Xylol 2 min. 

17. Xylol 2 parts : absolute alcohol 1 part 45-100 sec. 

18. Three changes of xylol A total of about 2 hr. 

19. Mount in Canada balsam 

The chromosomes were counted with a Zeiss binocular microscope, using a 
Zeiss apochromatic 1*5 mm. objective together with compensating 15 x eyepieces, 
giving a magnification of c. 700 diameters. 


Cytological results 


Galium palusire L., in the Oxford district, consists of at least two races; a 
diploid (zn = 24) and an octoploid (222 = c. 96). In Devon, a tetraploid (272 = 48), 
which has not previously been reported, was found; and, in the same locality, G. 
debile Desv. was found to be another diploid (222 = 24). G. uliginosum was found to 
have 22 somatic chromosomes. # 

The chromosomes are very small, usually between 1 and Zfi in length, and 0*3 
and 0-4 /x in diameter; no appreciable differences could be detected (Fig. 1). To 
what extent the slight differences in swelling are due to differences between the 
plants or to the fixation and subsequent treatment, is uncertain, but since most of 
the range of variation is shown within a single population it does not appear to 
reflect any important differences. 

No polysomy could be confirmed, but it may be present in the octoploid G. 
palusire. It was found impossible to count the chromosomes of this plant with 
complete accuracy. There were always a few groups of chromosomes whose inter- 
pretation was in doubt, so that a plant might have one or two chromosomes more or 
less than 96 without this being detected. That most had 96 chromosomes is sug- 
gested by the clustering of all the more accurate counts round 96; half of the total 
number of counts differing by two or less, a quarter by one or less, and one-sixth, 
including the most accurate count, being exactly 96. However, there* were a few 
fairly accurate counts which differed by about four, suggesting that these plants may 
exhibit polysomy; and where the somatic number is high it is unlikely that a few 
chromosomes more or less will seriously affect the balance. In addition, the 
octoploid in particular reproduces vegetatively by means of creeping shoots which 
root at the nodes. 

A very few observations of meiosis in acetocarmine smears suggest that, even 
in the octoploid, meiosis is extraordinarily regular without frequent multivalent 
formation* 
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The differentiation of polyploid types in Galium palustrb L. 

Galium palustre is a common plant in the Oxford district where it occupies a 
fairly wide range of damp habitats, but it is almost entirely restricted to marsh 
habitats on inorganic soil with relatively good aeration, such as is the result of a 


O }>Xu 




Fig. i Metaphase plates from mitoses in root-tips, (a) Galium palustre- L„ diploid 2 * = 24. 
x <^4600. (b) Galium debile Desv., diploid 2« = 2 4 . xc. 5000. (c) Galium uliginosum L., diploid 

octoplo'id 2 h"= 96°' xc.^o Um P ’ t£trapl0id 2K=48 ' XC - 57 °°- « Galium palustre I,., 

varying water-table. These ha;bitats can be divided into two kinds. One is sub- 
merged most of the winter and during the summer has the water-table very close 
to the surface, usually due to the proximity of a pool or a stream. It is always very 
damp, but an oxidizing potential is preserved by some movement of water The 
other is also submerged during the wetter period of the winter when the plant is 
least influenced, but during the summer it becomes much drier. This kind of 
habitat is typically seen in the meadows surrounding the Thames near Oxford. 
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This division of ecological preferences corresponds with the cytological division, 
fhe diploid grows in the damp places which dry out in summer, while the octoploid 
is found in the permanently damp zones, often bordering upon water. This differ- 
ence is shown in the appendix, where the habitats of the plants counted are outlined. 
Fagerlind (1937? P* 35 ^) confirms the ecological difference between the diploid 
and the octoploid; he saw the draining of a lake in Sweden wdiere the octoploid 
was abundant in a zone of Phragmites and the diploid was growing on the drier 
ground behind. In the following year, the open w r ater was drained and the diploid 
was abundant, but he was unable to find any octoploid. 

In the Oxford district, however, ecological difference is not absolute. In one 
community, which grows in a slight depression just west of Hagley Pool, both the 
diploid and the octoploid are abundant. This is probably slightly damper than the 
typical diploid habitat, but is much drier in summer than is usual for the octoploid, 
which must be rather more tolerant in its ecological requirements than the diploid. 

The tetraploid has not yet been found near Oxford but was growing in Devon 
in an intermediate habitat, often submerged in winter and damp in summer, but 
without having the water-table constantly near the surface. The greater ecological 
tolerance of the octoploid is again shown, since one of the plants from this popu- 
lation has been identified, on morphological grounds, and by its stomatal size, as 
the octoploid. 

I here appear to be no clear qualitative morphological differences between the 
polyploid races, suggesting that they are autopolyploids, but gigas characters are 
shown. I he diploid is, in the Oxford district, a small plant with small leaves, 
flowers and fruit, flowering about a fortnight earlier than the octoploid. The latter 
is a much larger and more robust plant with thick stems and much larger leaves and 
flowers. In the mixed population near Hagley Pool the mature plants were readily 
separated into two groups with a very few intermediates. Measurements of stomatal 
size (see below) confirmed this separation and enabled the intermediates, which on 
closer examination appeared to be either extra large diploids or rather weak octo- 
ploids,^ to be identified. The tetraploid is intermediate in these gigas characters, 
including stomatal size. Another difference between the polyploid races is the 
diameter of the rootlets when growing in water or very wet soil. The diploid has 
very slender rootlets, the tetraploid moderately thick, and the octoploid com- 
paratively stout rootlets. This is useful in distinguishing the races in early spring, 
and was used to detect cytological heterogeneity in a population, by collecting the 
most extreme types, growing them in water, and counting those with the thinnest 
and the thickest rootlets. In this way it was possible to detect mixed populations 
by counting comparatively few plants. 

In spite of these quantitative differences, there was some overlapping in the 
range of variation, weak octoploids being smaller than strong diploids and the 
intermediate tetraploids may overlap with both. However, it was found to be 
relatively easy to distinguish between the mature plants growing naturally in the 
Oxford district and in some localities in Devon. 

Stomatal size is a relatively easily determined character which appears to provide 
a fairly accurate means of identifying the types. It was determined by measuring 
the length of the guard cells in pieces of the lower epidermis, stripped from the 
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middle of the leaf just to one side of the midrib and mounted in water. Mature, 
fully expanded leaves were used. The results are shown in Table i. 


Table i. Lengths of guard cells of stomata in (jl . Each figure is a mean of twelve 
measurements from a single plant whose chromosome number has been counted 
or which comes from a population sampled for chromosome counts 



Fresh material 
from natural 
habitat 

Mean 

Fresh material 
grown in pots 

Mean 

Dried material 
soaked out for 
examination 

Diploid 

30-0, ZT 5 , 28*7, 
27 * 4 , 30 * 3 , 28-2, 
30-2, 27*9, 28*7 

28*8 ±0*38 

25*2, 25*1 

25*2 

— 

Tetraploid 

— 

— 

30-4, 32*4 

3**4 

28-9 

Octoploid 

. 

40-9, 38*1, 41*2, 
35*9, 38*2, 41*3, 
37 - 9 , 37*5 

38 * 9 ±o* 7 i 

37*7, 36*2 
35 * 5 , 34*4 

36*0 

1 

37-6 


It will be seen that diploids and octoploids can be distinguished sharply by 



this means. Measurements for tetraploids were made only on pot-grown or dried 
material. They showed no overlapping of range with comparable diploids and octo- 
ploids, but the data are very scanty and it cannot yet be stated that tetraploids can 
be identified with certainty by this technique. 


Galium debile Desv. is very closely related to G. palustre and has been treated 
as a subspecies (Rouy, 1903). It is a diploid plant with the same number of chromo- 
somes as the diploid G. palustre. This suggests that it is a species which does not 
hybridize with G. palustre in nature, although it is true that the diploid G. palustre 
does not grow near its Devon locality and, at Hatchett's Pool in the New Forest, 
the associated G. palustre has not been identified. However, G. debile is a distinct 
plant in its morphology and probably in its ecology. At Hatchett's Pool G. debile 
has been described as occupying the same damp and rather acid (judging by the 
associated plants) zone as the unidentified G. palustre , but, in its Devon locality, 
there is no overlapping of G. debile with the zone of the tetraploid G. palustre 
(together with a little octoploid) which grows among Molinia tussocks,* although in 
places they are less than a metre apart. G. debile grows in a pool completely sub- 
merged in winter and spring and is especially abundant in the shallower parts of 
the pool. But in summer the pool disappears and G. debile grows in the dry 
bottom. This habitat resembles that of the diploid G. palustre but is wetter for a 
much longer period and may be drier in summer. 

In morphology G. debile is even more distinct from G. palustre . When in 
flower it is a small plant, very similar to the diploid G. palustre except that it has 
small, linear and almost succulent leaves. However, in spring, when the shoots are 
submerged, G. debile bears long, thin, linear leaves 2-4 times as long as the aerial 
leaves (Fig. 2). These water leaves are so long and thin that they collapse together 
when taken from the water. This extraordinary water form, which is described by 
Gluck (1911), is quite different from anything found in G. palustre whose sub- 
merged leaves are merely somewhat smaller and thinner than those borne later. 
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2. A drawing of shoots of Galium debile Desv. found 
Knighton, Devon, on 3 April 


the pond at Chudleigh 


76 B. L. Hancock 

G. debile appears to be a distinct species which has diverged from the G. palustre 
stock without any change of chromosome number. 

Galium uliginosum L. differs from the preceding species in being a fen plant, 
confined, in the Oxford district, to base-rich habitats which are permanently moist 
at the surface, though with little or no standing water in the summer. Such 
habitats are provided in the calcareous peat of the small fens at Cothill, Headington 
Wick, etc., and, to a smaller extent, in permanently wet depressions of the alluvial 
meadows by the Thames and on Otmoor. Morphologically, also, it is a relatively 
constant species differing from G. palustre in having more leaves in each whorl, 
more pronounced, recurved prickles and terminal mucros to the leaves, and with 
the flowers in small axillary panicles, unlike the large terminal panicle of G. 
palustre and G. debile . G. uliginosum is like G. debile and unlike G. palustre in that 
it does not turn black on drying. It seems likely that, since 1 1 is the more common 
basic number in the genus (Fagerlind, 1937), G. palustre evolved from G. uliginosum 
as a tetrasomic and G. debile separated from G. palustre before the latter acquired 
its character of turning black on drying and, subsequently, two other types have 
been produced from G. palustre by autopolyploidy. 

♦ 

Summary 

Cytological, ecological and morphological investigations on the marsh and fen 
Galium spp. of the Oxford district and of a Devon locality show that Galium palustre L. 
consists of three polyploid races; the diploid and octoploid with distinct ecological 
preferences in the Oxford district, and the tetraploid found, with- some octoploid, 
in Devon. G. debile Desv. is a closely related diploid growing in Devon in a rather 
similar, but more extreme, habitat to the diploid G. palustre , drier in summer and 
submerged longer in winter and spring when it exhibits its extraordinary water 
form with very long linear and thin leaves. G. uliginosum L. differs in being a fen, 
not a marsh, plant in the Oxford district and it has 22 chromosomes, not 24 like 
the diploid G. palustre . The differences between the polyploid races of G. palustre 
are considered; the most striking morphological differences are the gigas complex 
of characters associated with polyploidy, including stomatal size, which appears to 
provide a fairly accurate means of identification. 

I am deeply indebted to Dr A. R. Clapham, at whose suggestion the work was 
commenced, for constant help and encouragement. 
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APPENDIX 


Details of communities from which chromosome counts were made 


Designation of plant 


Galium palustre L. 

2, 4* 7» 9 > no, 1 14 
(6 plants) 


32, 33, 39, 42, 
43 (6 plants) 


23, 24, 26, 28 

(4 plants) 


Habitat notes 


Somatic 
number of 
chromo- 


* Wytham, Berkshire 

In a zone bordering Hagley Pool among marsh plants including 
Sparganium ramosum, Carex riparia , C. acuta , Oenanthe fistulosa, 
Sium latifolium , Menyanthes trifoliata , Eleocharis palustris , 
Equisetum limosum , Myosotis palustris , Mentha aquatica and 
Hypnum cuspidatum 

In an area of the alluvial meadows which is periodically sub- 
merged during the winter but drier in summer, just west of 
Hagley Pool. Associated plants include Festuca rubra , Juncus 
articulatus , Ranunculus repens , Care# panicea , Orchis incarnata 

The same community as the above (plants 31-43) 


North of Wolvercote and West of the Woodstock Road, Oxfordshire 

59, 62, 66, 70, 76 In an alluvial meadow wet in winter but drier in summer, like 
(5 plants) the previous community, with Juncus inflexus (d.), Agrostis 

stolonifera (a.~co.d.), Ranunculus repens (a.), Trifoliurn repens (a.), 
Hypnum cuspidatum (La.), etc. 

Greenham Common, Berkshire 

95 (* plant) At the head of a small valley in the heath and often submerged 

in winter but drier in summer. Associated plants include 
Juncus acutifloruSf Agrostis stolonifera , Ranunculus Flammula , 
Myosotis palustris , Epilobium palustre and Hydrocotyle vulgaris 

100, 102 (2 plants) At the head of a similar valley 200 yards south, with similar 
associated plants 


84, 85, 88, 90 

(4 plants) 


104, 105, 

(3 plants) 


08, 122 (2 plants) 


Cothill, Berkshire 

In and on the bank of a shallow drain crossing Morland’s Meadow 
which carries water after rain. These plants may be relics from 
the time when the drain was deeper and regularly carried water. 
Associated plants include Juncus suhnodulosus , Molinia coerulea , 
Filipendula Ulmaria and Scabiosa Succisa 

Near Padworth, Berkshire 

In a deep channel in an alluvial meadow just south of the canal 
with Juncus inflexus, Epilobium hirsutum , Ranunculus repens , etc. 
In late March the plants were submerged 

Near Chudleigh Knighton, Devonshire 

In a damp zone round an old day pool among Molinia coerulea 
tussocks together with Juncus acutiflorus (a.), Juncus effusus 
(l.a.-d.), Mentha aquatica , Hydrocotyle vulgaris , Lotus uliginosus , 
etc. A fairly accurate count on a third plant gave 2*1 = 47 
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Designation of plant Habitat notes Somatic 

number of 
chromo- 
somes 

Galium debile Desv. Near Chudieigh Knighton, Devonshire 

123, 125 (2 plants) In the claypool bordered by G. palustre. The plant is submerged 24 

in winter and spring but the pool dried out almost completely 
in summer. Associated plants include Scirpus fluitans (a.-d.), 

Juncus bulbosus (a.-l.d.), Ranunculus Flammula (a.), Glyceria 
fluitans , Agrostis stolonifera , Veronica scutellata , Hydrocotyle 
vulgaris, Hypnum exannulatum. 

Galium uliginosum L. Wytham, Berkshire 

14, 17,21 (3 plants) A ‘hanging fen* where base-rich water seeps out south-west of 22 

Hagley Pool with Carex riparia , Juncus inflexus, J. articulatus, . 

J. acutiflorus , Eriophorum angustifolium , Vida Cracca , Orchis 
Fuchsii, O. praetermissa , etc. 

Cothill, Berkshire 

78, 79 (2 plants) A permanently wet part of the fen in Parsonage Moor with 22 

Schoenus nigricans and Juncus subnodulosus locally dominant 
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REVIEWS 

A Revision of Melanconis , Pseudovalsa , Prosthecium and Titania . By Lewis E. 
Wehmeyer. 9I x 6 in. Pp. viii-j- 161, with 11 plates. Ann ‘Arbor, Michigan, 
U.S.A.: University of Michigan Press. 1941. Price 2.50 dollars. 


Dr Wehmeyer is engaged in revising the stromatic Pyrenomycetes, but especially the 
genera grouped by other authors in a proposed family Diaporthaceae, that he has not yet 
himself accepted. This monograph may be considered an addendum to his The genus 
Diaporthe Nitschke and its segregates , published in 1933. The species of the present genera 
inhabit the bark of broad-leaved European and North American trees ; but, unlike most 
species of Diaporthe , each is usually confined to one host genus, and usually also to the 
dominant species of that genus. Once again European and Pacific coast species are found to 
resemble one another more nearly than they do their eastern American counterparts. 

In general appearance these fungi resemble those species of Diaporthe that develop their 
perithecia in discrete aggregates, but differ in not forming a black line either on the surface 
of the host or on that of each perithecial aggregate. In structure, their perithecia resemble 
those of Diaporthe and of genuine Valsa in the major character that their asci, at first inter- 
spersed with broad paraphyses, finally become free and completely fill the lumen of each 
perithecium. Each ascus tip usually is uniformly thickened and hence does not display the 
refractive ring that is such a feature in Diaporthe. 

In this group, the stromata vary from hyaline and superficial to fuscous and immersed; 
and the ascospores from one-septate, hyaline, without appendages to six-septate, brown" 
with appendages. The conidia when present often occur as A- and B-spores ; the A-spores 
vary from o-septate, hyaline, superficial to seven-septate, brown, immersed. 

In the thirty-five accepted species, however, development has not progressed pari passu 
in stroma, in ascospore, and in conidium; and so the author has been compelled to choose 
between accepting either a few broad, and arbitrarily limited genera or numerous monotypic, 
vaguely defined ones. Believing that classification should not only reflect affinity but also 
place nomenclatural species where they can most readily be found again, he has chosen the 
former course. 

He has placed ail species with one septate ascospores, whether hyaline or brown and with 
or without appendages, in Melanconis (with twenty-five accepted species). In its typical 
section, the A-conidia are one-celled, brown and superficial ; in one species and three varieties, 
these conidia are hyaline; in two other species they are immersed. In other species again’ 
the A-conidia are many-septate, brown and either superficial as in M. modonia , or immersed 
as in M. thelebola. In M. aucta , the ascospores themselves, after extrusion from the peri- 
thecium, become brown and three-septate, and its conidia are believed to be hyaline, many- 
septate and immersed. 

Pseudovalsa, with three accepted species, is here characterized by its perithecia being 
immersed in a fuscous stroma, its ascospores several-septate and unappendaged, and its 
conidia several-septate and superficial. The ascospores are hyaline in one species and brown 
in the others. 


Prosthecium with seven accepted species is defined as lacking a fuscous immersed stroma 
about its perithecia and as having several-septate appendaged ascospores, and several- 
septate immersed conidia. The ascospores are hyaline in three species and brown in four 
Other genera mentioned have received species excluded from Melanconis and Pseudovalsa ; 
they are the invalid Calospora of Saccardo’s use (its forty species are assigned to other genera) •’ 
Titania, characterized by its one-spored asci, and only known from the type collection of its 
type species; Phragmodiaporthe; and Massaria , Aglaospora, Thyridaria (monographed else- 
where) and Pseudotrichia. The last four genera are segregated by the presence of numerous 
filiform, persistent ‘paraphyses’, a character which some workers accept as diagnostic of the 
family Pseudosphaeriaceae. Dr Wehmeyer holds that the case for maintaining such a family 
is not yet proved. e. w. mason 
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Reviews 


Plant Science Formulae. By R. C. McLean and W. R. Ivimey Cook. 8^x5!- in. 

Pp. 203. London: Macmillan and Co. Ltd. Price ys. 6d. 

This useful book contains many of “the items of practical information which. . .are 
needed from day to day” in a botanical laboratory. Its justification is the collection of such 
items into a single handy volume, obviating the familiar troublesome search through book 
after book. The scope is wide : formulae for fixatives and preservatives ; embedding, de- 
hydrating, clearing and mounting media; chemical and micro -chemical reagents; culture 
and nutrient solutions and media; solutions for volumetric analysis. In so small a book 
there must necessarily have been many problems of selection and exclusion, and specialists 
may not always agree with the course adopted. It seems a pity that no notes were added 
on the suitability of the various fixatives for particular materials, especially as such notes 
are given in the valuable chapter on staining methods ; and the omission of the simple and 
effective safranin and light green method from the list of recommended combination stains 
is rather surprising. The chapter on the preparation of museum specimens should be of 
great service to many laboratories. It is difficult, however, to see what principles underlie 
the choice of tests included in the next chapter on Chemical and Micro-Chemical Reagents. 
Thus there is a test for pyruvic acid but not for acetaldehyde ; for K and Mg but not for 
Fe or Ca; for nitrate but not for phosphate or sulphate; for glutathione but not for ascorbic 
acid. The micro-osazone (not ozazone) test is given, but not the more generally successful 
macro-test; and the Selewanoff, but not the pentose-furfural test. On page 86, where the 
separation of chlorophyll pigments is described, it should be pointed out that the lower layer 
does not contain true chlorophyll, especially if alcohol has been used as an extractant. The 
final chapters on Photographic Reagents (including some good dodges for lantern slides) 
and Workshop and General Receipts (imperishable putty, paint for blackboards, duplicating 
jelly, luting wax, cleaning coverslips, etc.) are excellent. 

In conclusion, it seems worth while to quote from page 5 that “it cannot be too strongly 
emphasised that all botanical material, whether for anatomical investigation by a junior class 
or for cytological research work, should be cut up and properly fixed . . . immediately it is 
collected, and not be left for hours or days in a vasculum before finally being plunged 
whole into a bottle of alcohol.” This book should help to abolish the “pickled cabbage” 
procedure. 
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STUDIES IN THE EFFECTS OF PROLONGED 
ROTATION OF PLANTS ON A HORIZONTAL 

KLINOSTAT 


III. PHYSIOLOGICAL REACTIONS IN THE HYPOCOTYL 
OF LUPIN US ALB US 


By E. D. BRAIN, F.L.S. 

(With 1 figure in the text) 


Methods 


Plants were grown in a greenhouse in pots of soil. Constant temperature could 
not be maintained, but careful records of maximum and minimum temperatures 
and percentage humidity were kept. Seeds were germinated and the pots placed 
on the klinostat when the plants had started growth, before the hypocotyls were 
2-5 cm. in height. The klinostats rotated once an hour and all the plants were kept 
equally moist. Pots of control plants, grown upright, were surrounded by cylinders 
of white paper to prevent any phototropic curvature. In all cases experiments 
with plants grown on the klinostat and control plants were performed simul- 
taneously under identical conditions. 


Changes in the growth and development of plant tissues, resulting from continual 
rotation in a horizontal position, have been described in previous papers (Brain, 
* 935 > * 939 )* 

The following series of comparative investigations were performed on Lupinus 
alhus seedlings and deal with certain physiological reactions of the hypocotyl when 
plants are grown on a klinostat: 

I. Geotropic response. 

II. pH value of the cell sap. 

IIL Suction pressure value of the cell sap. 

IV. Extensibility of the cell walls. 

V. Growth-hormone distribution. 


I. Geotropic response 


Experiments described in a previous paper (Brain, 1926) have shown that when 
Lupinus polyphyllus seedlings were grown on a klinostat the shape of the cross- 
section of the hypocotyl was altered and the presentation time for geotropic stimu- 
lation in the intercotyledonary plane was reduced from 80 to 60 min. Hawker 
(1932) correlated this change with the shape of the statocytes which were more 
nearly isodiametric when the seedlings were grown on the klinostat. The 
New Phytol. 41, 2 
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the sensitive wall in the intercotyledonary plane is therefore increased and the 
statolith efficiency greater, resulting in the presentation time being less than it is 
normally for the intercotyledonary plane. In Cucurbita pepo no change in shape 
of the cells occurred on the klinostat and no difference in the presentation time 
was found (Brain, 1926). When Lupinns albus seedlings are grown on the klinostat 
there is very slight alteration in the shape of the statocytes in the hypocotyl 
(Brain, 1939). 

Geotropic experiments have been performed with hypocotyls when they were 
grown on the klinostat and measured over 4*5 cm. in height. Stimulation was 
effected by stopping the klinostat for 20 min. Control plants were stimulated by 
laying the pots horizontal for 20 min. and replacing them upright for the reaction 
time. The latent time represents the time elapsing between the beginning of the 
stimulus and the first movement visible to the naked eye. The angles of curvature 
were measured with a transparent protractor. The results, which are recorded in 
Table 1, show 7 that the reaction to gravity was not affected by growth on the 
klinostat, and similar results v 7 ere obtained whether the plants were rotated for 
the reaction time or removed from the klinostat and placed upright. 

Table 1. Geotropic response in Lupinus albus hypocotyl 

No. of plants Percentage Average angle of Average latent Average growth 

usecl response curvature time in min. per day in cm. 

Series 1 . Plants grown on klinostat and rotated for reaction time 
20 70 7 0 105 1-3 

Control 

20 85 7 0 100 1*2 

Series 2. Plants grown on klinostat and placed upright for reaction time 
20 60 7 0 101 i*o 

Control 

20 60 6° 99 o*79 

Length of stimulus, 20 min. Temperature 20±i° C. Humidity 70-90%. 

II. pH VALUE OF THE CELL SAP 

To determine the pH value of the cell sap in the cells of the hypocotyl of 
Lapmus albus the range indicator method was used, as described by Small (1929). 
Hand-sections were cut from the upper part of hypocotyls grown on the klinostat 
and upright. All seedlings w r ere over 4-5 cm. in height. The sections were washed 
in neutral water, dried on filter paper and mounted on slides in the indicator 
solutions. 

A detailed description of the method and the indicators used may be found 
in Small’s paper (1929, pp. 46-63). 

The sections were kept in the indicator solutions for at least 60 min., washed 
again in neutral water, and examined under the microscope and the colour re- 
corded. Control sections in each case were ’used as a check for the natural colour. 
Ihe indicators used enabled a distinction to be made between ranges of reaction 
or pH of 6-2-4 *o. 
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The results found for five different series of experiments are recorded in 
Table 2 and do not show any difference in the pH value for the cortex, pith or 
phloem of hypocotyls whether they are grown on the klinostat or upright. In 
both cases results varied between 5*6 and 5*9 for the cortex and between 5*6 and 
4*8 for the phloem. 

"Fable 2. pH value of cell sap for hypocotyl of Lupinus albus (over 4*5 cm.) 


. 

Upright 

Klinostat 


Cortex and pith 

Phloem 

Cortex and pith 

Phloem 

I 

5 ' 6 

5*2“4*S 

5-6 

5 - 2 - 4- 8 

2 

5 * 6-5 *9 

5 *2~4*8 

5*9 

5 * 2 - 4 * 8 

3 

5*9 

5-6 

5* -6-4*8 

5*6 

4 

5*9 

5-6 

5*9 

5*6 

5 

5*6 | 

— 

5*9 



A few experiments with Helianthus annum hypocotyls were made and the 
pH value was found to be 5 *8-5 -6 for the pith and cortex and 5 *2-4*8 for the 
phloem, both for plants grown on the klinostat and upright. This is the value 
which Small (1929) has quoted for Helianthus seedlings. Metzner (1934) found 
a difference of 0*09 in the pH value for the expressed sap from the tw r o halves of 
geotropically stimulated Helianthus seedlings. He found the lower half of hypo- 
cotyls had a pH value of 5*3 and the upper half 5*39 as compared with 5*34 for 
upright plants. This difference may be due to his using another method for the 
determination in which the expressed sap is tested instead of the tissues being 
examined intact as in the indicator method. 


HI. Suction pressure value of the cell sap 

Stiles (1924) has defined the full suction pressure of a cell as equal to the 
osmotic pressure of a non-penetrating substance in which the cell undergoes no 
change in volume. The method used for these experiments was the equilibrium 
method described by Stiles (1924). Hand-sections were cut from the upper part 
of hypocotyls, which were over 4*5 cm. in height, and washed in distilled water. 
These were dried on filter paper and mounted on slides in different concentrations 
of sugar solution. The sections were cut from several different plants, and at least 
three were mounted on each slide. The slides were examined under the microscope 
immediately to make sure that the cells were turgid. After 40 min. they were 
examined again and the concentrations of the sugar solutions were noted in which 
alteration in the size of the cells w T as evident. The concentration of the sugar 
solution in which no change of the cells occurred was regarded as equivalent to 
the suction pressure of the cell sap. Several other series of experiments were 
performed using paraffin for washing the sections instead of distilled water and 
then transferring them to the sugar solutions, the method described by Ernest 
( I 934 ) > but identical results were obtained for both methods. Ernest (1934) has 
criticized the use of sections rather than strips of tissue for suction-pressure experi- 
ments, but as these experiments were of a comparative value it is felt that her 
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criticisms do not invalidate these results. The use of strips has also been criticized 
by Diehl, Gorter, Van Iterson & Kleinhoonte (1939), who found it more satis- 
factory to use sections of tissue. 

Table 3 records results obtained for some of the series of experiments per- 
formed and shows a value equivalent to 0-21 M sucrose or 5-46 atm. in the cells 
of the cortex of upright hypocotyls as compared with o-ijM sucrose or 4-42 atm. 
for klinostat plants. A decrease in the suction pressure of approximately 1 atm 
(o-o4Af sucrose) is therefore exhibited in the cortical cells when plants are grown 
on a klinostat. It is interesting to note that Diehl et al. (1939) found differences 
in the osmotic value of cells from convex and concave sides of Helianthus hypo- 
cotyls which were treated unilaterally with growth-hormone paste, the values for 
the convex side being equivalent to 0-02-0-05 (mol. glucose solution) lower than 
tor the concave side. 



Table 


3. Lupinus albus hypocotyl (over 4-5 cm.) 
Suction pressure, cane sugar (M) 


Upright 


Klinostat 


In r, 2 and 3 distilled water was used for 
was used. 


preparatory washing of sections. In 4 and 5 paraffin 
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percentage decrease for cells on the klinostat is greater than for upright plants, 
which means that the cell walls are more extensible when the plants are grown on 
the klinostat. This also corresponds with results of Diehl et ah (1939) for Helianthus 
hypocotyls after treatment with growth-hormone paste. An increase in the length- 
wise extensibility of longitudinal epidermal cell walls was shown by them after 
2 hr. treatment with growth-hormone paste. 


Table 4. Lupinus albus hypocotyl (over 4*5 cm). Extensibility of cell walls 
Series 1. Macroscopic method 



No. of pieces 

Percentage decrease in length 

Upright 

11 

* 9*85 ± 1*12 

Klinostat 

38 

14-6 ±o*74 


Series 2. Microscopic method 


No. of cells 

Percentage decrease in area 

Upright 

9 

6*21 ± 1*05 

Klinostat 

24 

io-8 +1*109 


V. Growth-hormone distribution 


Dijkmann (1934) has studied the production and distribution of growth hor- 
mones in the hypocotyl of Lupinus albus . His analysis has shown that the amount 
of growth hormone extracted from different parts of the hypocotyl varies with 
the age of the plant. Hypocotyls of 3 cm. yield equal amounts from 7 mm. 
ments of the upper, middle and lower parts, but other seedlings of 8 and 5 cm. 
yield 5*1 % less from the middle than from the upper part. Comparative estima- 
tions of the growth substance in seedlings grown normally and on the klinostat 
have been made by a straight-growth method which has previously been described 
(Brain, 1941). The hypocotyl was cut into segments of 5 mm. which were placed 
with lanoline on to the stumps of prepared pea seedlings. The growth substance 
which diffused out of the hypocotyl segments caused increase in length of the pea 
stumps which was measured with a millimetre rule or scale. 


Method 


Peas were grown in a greenhouse in pots of soil, and when three or four inter- 
nodes high the internodes were measured separately and their growth recorded. 
The plants were placed in a dark box for 24 hr. before the experiments, 
were prepared by cutting off the actively growing internodes at the node below 
which growth has ceased. This height was measured and recorded as cut heigh 
The plants were then left for 30 min., after which the cut surface was dried 
filter paper and covered with a layer of lanoline on which the segment of Lupinus 
hypocotyl to be tested was placed. A vertical millimetre scale was placed in the 
pot behind each pea and the cut height marked on it. The plants were then 
placed in the dark box for another 24 hr., after which the cut height was again 
measured. In this way the growth substance which has diffused from the 
segments causes growth in the pea epicotyl, after it has ceased to grow normally, 
and gives a means of measuring the growth substance which can be obtained by 
diffusion from the test material. Experiments to standardize the measurements 
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with known concentrations of indole-3-acetic acid solution show that an increase 
of 1 mm. in the pea stump is equivalent to the growth caused by a 3 % agar block 
of 40 cu.mm, volume containing 0*5 % indole-3 -acetic acid solution, at a tem- 
perature of 72-54° F. and a relative humidity of 100%. According to Went (1937) 
0*5% indole-3-acetic acid solution in a 10 mm. agar block at 24° C. and 85% 
relative humidity would produce 5 0 curvature in the Avena test. So the results 
for the pea stump would approximate to 5 0 curvature in the Avena test. It was 
therefore suggested that one pea unit should be that amount of growth substance 
which would produce an increase of 1 mm. in the pea stump at a temperature of 
72-54° F. and 100% relative humidity. 

Table 5 records the averages of results for sixty-six experiments. 


Table 5. Growth-hormone distribution in Lupinus albus 
hypocotyl ( over 4-5 cm.) 



Klinostat 

Upright 


1 st segment 

2nd segment 

1 st segment 

2nd segment 

No. of experiments 

20 

22 

12 

12 

Percentage positive 

90 

91 

81 

56 

Average amount of growth 
hormone in pea units 

i *4 

i *3 

i*i 

0*83 


A comparison between the seedlings grown on the klinostat and upright show 
differences in the amount of growth substance obtainable in both cases. In upright 
plants the uppermost segments of the hypocotyl, 5 mm. below the cotyledons, 
yield an average of 1*1 unit of growth substance and the next segment below 0*83 
of a unit. In klinostat plants the upper segment yields an average of 1*4 units 
and the next segment below 1*3 units. Also positive results were found in 81 % 
of the upper segments and 56% of the lower segments in upright plants, but in 
the klinostat plants 90% of the upper segments and 91 % of the lower segments, 
were positive (i.e. yielded at least 0-5 unit of growth substance). Thus it appears 
that plants grown on the klinostat have more growth substance more evenly dis- 
tributed than in upright plants of the same age. The distribution is more like that 
described by Dijkmann in younger seedlings. Some examples are shown in Table 6 
which gives the results for twelve seedlings, six upright and six grown on the 
klinostat. 

Table 6. Lupinus albus seedlings 
Temperature 72 ~ 54 ° F. Relative humidity 100 % 


5*o 

5*5 

6*0 

6*o 

7 *o 


Upright 

Klinostat | 

! Height 

■ in cm. ' 

Growth hormone in 
pea units 

Height 
in cm. 

Growth hormone in 
pea units 

1st segment 

2nd segment * 

1st segment 

2nd segment 


1*0 
VO 
'■ I *0 
1*0 
I’O 


4*5 

5 *o 

5 *o 

5 *o 

7*5 


Z‘o 

2*0 

2*0 

2*0 

2*0 


1*5 

2*0 

2*0 


1*0 
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Dijkmann has estimated the amounts of growth hormone which are contained 
in 7 mm. blocks of lupin hypocotyls from the upper and lower halves of hypocotyls 
after being horizontal for 4 hr., and he finds, of the total amount present, 32*5 % 
is in the upper half and 67*5 % in the lower half, but the total amount is not 
influenced by the stimulus. He therefore assumes that it is the distribution of 
growth hormone and not its production which is influenced by gravity. He also 
considers that the cells of the hypocotyl themselves manufacture the growth hor- 
mone from food substance or a precursor substance 
which is supplied by the cotyledons. 

When plants are grown on the klinostat and \ 

receive a prolonged gravitational stimulus there J J 

appears to be a definite increase in the amount of / y/ 

growth hormone which can be measured by diffusion / 

from the hypocotyl. This is evident both by more / / \ 

growth hormone being found in the uppermost 5 mm. f f \ 

of the hypocotyl of klinostat plants and in the fact +< y / \ 

that there is not the same decrease in growth- / / \ 

hormone content in the lower part of the hypocotyl I J \ 

in klinostat plants as is found normally in plants of J \ 

the same age. ^ 

Another set of experiments was performed to r 

demonstrate the effect of the klinostat on growth- 
hormone distribution in the hypocotyl. When one 
cotyledon and the plumule are cut off the lupin 
hypocotyl makes a curvature toward the side without 
the cotyledon, since on that side the auxin supply is 
curtailed and growth retarded, while the other side 
continues to grow. When plants grown on the 
klinostat were similarly treated it was found that 
much bigger curvatures resulted which indicates a v| 
greater difference in the growth of the two sides of || 
the hypocotyl than in upright plants. Purdy’s method H 

for estimating the difference in giowth on two sides pig, 1. iviethod for measuring the 
of a curved A vena coleoptile, as described by Went difference in growth on two sides 
(.937), has been adapted for measuring the difference *» 

in growth on the two sides of the curved lupin 

hypocotyls. This is calculated from the formula d—tljr , where /= the length of 
the part of the hypocotyl which bends, r = the length of the radius of curvature, 
/ = the thickness of the hypocotyl, and J = the difference in growth on the two 
sides of the hypocotyl which is bent (see Fig. 1). The average of values for d 
calculated for normal plants is 2*16 mm., and for klinostat plants 4*3 mm., which 
shows a marked difference due to the effect of the klinostat. 

Table 7 gives an example of one series of experiments performed. Diehl et ah 
(1939) performed parallel experiments on Helianthus annum seedlings. When de- 
capitated hypocotyls had growth substance in lanoline paste applied to one side 
of the hypocotyl curvatures resulted, due to the increased growth on one side of 
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the hypocotyl. If unilaterally treated plants were placed on the klinostat bigger 
angles resulted. This was explained as being due to the effect of gravity on the 
curving hypocotyl when some of the growth substance may spread to the concave 
side, whereas on a klinostat this condition is prevented and a bigger curvature 
results. I would suggest that the case of unilateral application of growth substance 
is comparable to the experiment of removing one cotyledon, because in both cases 
the growth-substance supply is altered on two sides of the stem, and Diehl’s 
explanation could apply to this experiment as well. 



Table 7. Lupinus albus hypocotyls. Cotyledon cut after 5 days on klinostat 



Upright 





Klinostat 




Height 

Angle of 





Height 

Angle of 





of 

curvature 

l 

7 

t 

d 

of 

curvature 

/ 

r 

t 

d 

plants 
in cm. 

after 

3 days 

mm. 

mm. 

mm. 

mm. 

plants 
in cm. 

after 

3 days 

mm. 

mm. 

mm. 

mm. 

9*3 

£ 

48 

72 

5 

3*4 

9*5 

5°° 

35 

28 

5 

7*9 

8-5 

8 ° 

55 

155 

5 

i*7 

8*4 

*5° 

33 

37 

5 

4*4 

7*5 

10 ° 

42 

120 

5 

i*7 

8*2 

30° 

30 

32 

5 

4*7 

7*5 

10 ° 

38 

82 

5 

2*3 

7*8 


22 

26 

5 

4*2 

6*5 

IO° 

35 

80 

5 

2*2 

7*5 

20 

60 

84 

5 

3*5 
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for the lower side of the horizontal stem correspond with the results found for 
plants grown on the klinostat. This endorses the view that it is those changes 
which predominate in geotropic response and that they are brought about by a 
redistribution of growth hormone in the hypocotyl. In a horizontal plant which 
is prevented from bending by rotation on a klinostat greater growth rate in the 
shoot and decreased rate in the root, increased size of cells in the cortex and pith 
of the shoot, and decreased size in the cells of the radicle are evident. The period 
of active growth in certain cells seems prolonged on the klinostat. No difference 
in response to gravity has been found, neither in the size of the angle of curvature 
nor in the length of the latent period ; neither did anatomical investigation show any 
changes in the distribution of statocytes when plants were grown on the klinostat. 

It is of interest to note that the changes which have been described, i.e. 
extensibility of the cell walls and decrease in the suction-pressure value of the cell 
sap resulting in enlargement of the cells of the cortex and pith of Lupinus albus 
hypocotyls, closely correspond with the findings of Diehl et al. for the effect of 
applying growth- hormone paste to Helianthus annum seedlings, which gives further 
proof that growth-hormone distribution is a fundamental process in geotropic 
response. These results may also be correlated with Borgstrom’s theory of the 
transverse distribution of hormones (1939) w r hich seeks to relate various physio- 
logical and morphological processes to the response of the plant to conditions 
which divert the normal course of auxin distribution into a transverse direction. 


1. Geotropic response, value of the cell sap, suction-pressure value of the 
cell sap, extensibility of the cell walls, and growth-hormone distribution have been 
examined in the hypocotyls of Lupinus albus seedlings which have been grown on 
a horizontal klinostat. 

2. Geotropic response has not been found to be affected by growth on the 
klinostat. L. albus hypocotyls stimulated for 20 min. made an average curvature 
of 7 0 whether plants were grown upright or on the klinostat. The average latent 
time was 105 min. for klinostat plants and 100 min. for control plants. 

* 3 * The pH value of the cell sap was determined by the range indicator method, 

and the values found for both klinostat and upright seedlings varied between 5*6 
and 5*9 for the cells of the cortex of the hypocotyl. 

I 4* The suction-pressure value of the cell sap w T as found to be equivalent to 

' o-iyM sucrose solution or 4*42 atm. for hypocotyls on the klinostat and o-ziM 

sucrose solution or 5*46 atm. in upright plants. 

, 5. The extensibility of the cell walls was measured in two ways. (1) The 

shrinkage of pieces of hypocotyl in a plasmolysing solution of sucrose was measured, 
and the percentage decrease calculated for the klinostat was 14*6 and for upright 
plants 9*85. (2) The percentage decrease of the area of cells in longitudinal section 
was measured after plasmolysing in sucrose solution. This was found to be 10*8 
for klinostat plants and 6*21 % for upright plants. 

6. Growth-hormone distribution was examined by two methods. (1) The 
amount of growth hormone which would diffuse out of 5 mm. segments of the 
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hypocotyl was measured by the increase induced in cut pea shoots when the lupin 
segment was applied on lanoline. Results showed more growth hormone diffused 
out of klinostat hypocotyls than upright plants, (2) When one cotyledon and the 
plumule are cut off the hypocotyl curves towards the side without the cotyledon. 
Plants on the klinostat made greater curvatures than upright ones, and the difference 
in growth on the two sides of the hypocotyl was 4-3 mm. on the klinostat and 
2* 1 6 mm. in upright plants. 

7. Results for these experiments correspond with the effects of applying 
growth-hormone paste to Helianthus annuus seedlings, described by Diehl et ah 
( i 939), and indicate the fact that differential growth-hormone distribution is a 
fundamental process in geotropic response and induces greater extensibility of the 
cell walls which received increased hormone supply. 

My thanks are due to the University of Reading for the loan of a klinostat. 
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HARPOCH Y TRIUM TENUISSIMUM KORSCH. 


By FRANK W. JANE 

Department of Botany, University College , London 


(With 39 figures in the text) 


The plant which forms the subject of this note was found in a tub in the grounds 
of the University College of North Wales, Bangor, in January 1941. It occurred 
chiefly on Oedogonitim , hut was also found upon Microspora, 

The cells average 2*7 fi in diameter, ranging from 2 to 3*7^, but rarely ex- 
ceeding 3 /i; normally their length does not exceed 60 \i, but cells up to 70/x are 
not uncommon; those of a greater length, up to 100/x, were rarely seen. Thus, 
although in shape the plant is similar to Korschikoff *s Harpochy triuni tenuissimum, 
the cells are slightly thicker, and probably shorter. Korschikoff (1931) states that 
the cells of H. tenuissimum are up to 120/x long and at most 2-5 fi thick; his material 
was, apparently, very limited in quantity, and his description of the plant is not 
very detailed ; whether relatively short cells occurred, comparable in length to those 
of the Bangor plants, is not indicated in his paper; the description merely states 
that the largest cells were up to 120/x long. Of the other straight and erect species 
of the genus the Bangor plant bears some resemblance to H. intermedium Atkinson, 
from which it differs in being thinner and perhaps shorter, and in its apex, which 
is generally bluntly pointed like that of IL tenuissimum , and not tapering to a long 
point as in H. intermedium. Moreover, the young stages of the Bangor plant do 
not taper gradually from near the base to the apex, as in H. intermedium , nor are 
they of uniform diameter throughout their length; they possess a swollen basal 
region (Figs. 27-31). It is uncertain whether the young plants of H. tenuissimum 
also show a swollen basal region, but the plants figured by Korschikoff are both 
slightly swollen at the base, and it is not unreasonable to surmise that the young 
plants also exhibit this character, perhaps to a more marked degree. 

Our present knowledge of the plants of this genus is 'far from complete, and 
it seems undesirable to establish a new species for the Bangor plants, although 
they certainly differ slightly from those which Korschikoff has described as 
H. tenuissimum ; nevertheless, this divergence may well be due to environmental 
differences, and the Bangor plants are therefore referred to this species. 


Structure 

The plant is more or less uniform in diameter throughout the greater part of 
its length (Figs. i~6), although the basal region may be swollen (Fig. 2): the apex 
is generally somewhat pointed (Figs. 2-4), but is sometimes rounded (Figs. 1, 6), 
while at times the conical tip widens slightly at the extreme apex so that the plant 
terminates in a minute knob (Fig. 31). Rarely the plant is somewhat wider toward 
the apex than at the base (Fig. 6). In two young plants and an older one (Figs. 
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32-34) the apex was branched, but this is evidently a very rare condition, and 
does not appear to be comparable to the lateral outgrowing which sometimes occurs 
in the residual protoplasm of H. Atkinsonianum (Atkinson, 1903). 

At its base the cell narrows suddenly to form a thin short stalk, which broadens 
out into a disk-like foot by means of which the plant is attached to an alga (Figs. 
7, 7 a); the length and thickness of the stalk are somewhat variable (Figs. 1, 3, 7). 
The attachment of the Harpochytrium to the alga is completely superficial; in fact, 
when attempts were made to stain and fix the material nearly all the Harpochytrium 
became detached from the algal filaments. There is, thus, reason for assuming 
that the plant is a saprophyte, and that it occurs on the * host 5 alga as an epiphyte, 
and not as a parasite. 

The cell wall is very thin, although it is thicker in the basal region than else- 
where (Figs. 7, 7 a). It is readily stained by congo red: it gives a negative result 
when tested for cellulose, while the application of ruthenium red gave no indica- 
tion of the presence of pectic materials. The wall did not show a lamellate structure, 
even when treated with aqueous and alcoholic potash solutions, nor was it possible 
to observe, either by direct examination or by treatment with strong chromic acid, 
that the wall was composed of two parts. 

The cell varies considerably in different individuals. The cytoplasm is usually 
somewhat granular (Fig. 2), at times markedly so (Fig. 7): it may contain numerous 
small vacuoles (Fig. 1), at times a few larger ones (Fig. 3), which nearly equal the 
cell in diameter. Nuclei could not be made out in the living cell even with the 
aid of vital staining. They were demonstrated most satisfactorily by treating 
material preserved in about 3% formol with iron aceto-carmine for a lengthy 
period — at least overnight, or even for as long as a week. Even when so stained 
the nuclei are easily overlooked unless illumination is critical; they appear as little 
more than clear spherical vesicles, usually with a single, centrally placed nucleolus: 



as, moreover, their diameter is rather less than i*5/x, it is not surprising that they 
are indistinguishable from the rest of the protoplasm in living material. A cell 
usually contains from one to four or five nuclei (Fig. 1), although as many as nine 
or ten may be observed in long cells (Fig. 5). Most of the nuclei occupy the upper 
part of the cell, where they are more or less evenly spaced: in uninucleate cells 
the nucleus usually lies in the middle of the cell. 

Apart from granules, and the vacuoles, globules of fat are more or less abundant 
in the cells. These globules are dissolved out of the cell by chloroform, they readily 
take up such fat stains as sudan black and sudan blue, and are darkened by osmic 


Legends for Figs. 1-10 

Figs. 1-10. Figs. i-6. Vegetative plants. Fig. 1. Plant of typical shape, with four nuclei; formol, 
iron aceto-carmine; scale B. Fig. 2. Plant with somewhat bulbous basal region; formol; scale A. 
Fig. 3. Plant with very vacuolate cytoplasm; methylene blue, vital; scale B. Fig. 4. Plant with at 
least nine, probably ten, nuclei; formol, iron aceto-carmine, then aqueous orange G; scale B, 
Fig. 5. Small plants with abundant fat; sudan blue; scale A. Fig. 6. Two plants, of which the 
right-hand one is of more or less typical shape, while that on the left is unusual in having a bluntly 
rounded apex; scale A. Figs. 7 ~xo. Plants from which zoospores have been liberated; all scale A, 
except 7 a, which is scale C. Fig. 7 a. Shows the base of Fig. 7 enlarged: in Fig. 10 the top of the 
protoplasm is naked, and zoospores have probably jiast been liberated; nile blue sulphate. /. fat 
globules ; n, nucleus ; z\ vacuole. 
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acid. Treated with nile blue sulphate they normally become pink, from which it 
is concluded that they consist of a neutral fat, although in a few of the plants 
tested with this reagent the globules stained blue, indicating that they sometimes 
consist of a fatty acid. The fat globules are generally large (Fig. 2), although smaller 
ones may occur (Figs. 4, 5). In actively growing cells fat globules are not abundant 
(but cf. sporeling, p. 96), if present at all, but in less active cells, and living cells 
have been kept under observation for some 10 weeks without exhibiting any 
change, the fat globules are usually numerous and relatively large (Figs. 11-13). 

Tests for proteins gave no evidence that these substances are stored by the 
cells, but it should be pointed out that the smaller granules of the cytoplasm are 
of such dimensions as to render unreliable any colour test which may be made 
upon them; their nature could not be determined; nevertheless, there is no evi- 
dence that the cells store protein food reserves as well as fat. 

Resting stages 

Attempts were made to study the growth and development of individual cells 
by using the lens-paper aquarium, 1 but without success, presumably because the 
conditions obtaining in such cultures w T ere inimical to active growth. Nevertheless, 
in such cultures the fat in the cells usually assumed the form of large drops (Figs. 
11--15), and in this condition the cells remained, without change — some were kept 
under observation for ten weeks. Evidently such cells were in a resting condition, 

1 This device, described by Walton (1915), does not appear to be generally known. It is 
essentially a mount in which the cover-slip is separated from the slide by a frame of lens paper of 
slightly smaller dimensions than the cover-slip. The material to be studied is placed in the centre 
of the frame, and the cover-slip mounted; the mount is allowed to dry out slightly, until water 
no longer extends beyond the edges of the frame, and the margins of the cover-slip are ringed 
with liquid paraffin. 

The advantage*of the lens-paper aquarium over the hanging-drop culture is that, if a very thin 
cover-slip be used, all parts of the mount can be examined with a 1/1 2 in. lens; for such work it 
is advisable to use methyl benzoate in place of cedar oil as the immersion flfuid. The disadvantage 
of the lens-paper aquarium is that it is a closed aquarium, having no contact with the atmosphere ; 
it is obviously necessary, therefore, to include in the mount both autophytic and holozoic organisms, 
and the aquarium will be successful only if there is a nice balance between the two; under such 
conditions organisms will sometimes live for months. 


Legends for Figs. 11-31 

Figs. 11-31. Figs. 11-1,5. Plants drawn from lens-paper aquarium cultures. Figs, iia-14^ and 15 
drawn just after culture had been set up, Figs. 11 b and 12 b drawn 3 days later, Figs. 13 b and 14 b 
5 days later; after 9 weeks Figs. 116, 12b and 14 b showed no appreciable change; in the plant 
shown in Fig. 13 the fat globules were larger and fewer (Fig. 13 c), about a month after Fig. 136 
was drawn, while about a month later the cell contained but two large fat globules; the plant 
shown in Fig. 15 showed no appreciable change 1 month later. All scale A. Figs. 16, 17. Segmen- 
tation of apical region to form zoospores; contents of lower part of plant shown in Fig. 16 were 
probably not viable; formol, iron aceto-carmine ; scale D. Figs. 18, 19. Living plants containing 
zoospores in distal end; scale B. Fig. 20. Upper end of plant with at least seven zoospores; formol, 
iron aceto-carmine, sudan blue; scale D. Fig. 21. Zoospore; 5 hr. earlier this was spherical and 
motile; Noland s solution; scale C. Fig. 22. Zoospore beginning to germinate; neutral red, vital; 
scale F. Figs. 23, 24. Very young sporelings; formol; scale C. Figs. 25, 26. Rather older sporelings; 
distal end now narrower than basal region; formol; scale C. Fig. 27. Young sporeling, uninucleate; 
formol, Delafleid’s Haematoxylin; scale D. Fig. 28. Two somewhat older, but still uninucleate 
sporelings; formol, iron aceto-carmine; scale D. Figs. 29-31, older sporelings, Figs. 29 and 31 
stained in sudan black; scale E. /. fat globules; ft. flagellum; g. granules of undetermined nature ; 
n> nucleus; rp. residual protoplasm; v. vacuoles; 2*. zoospore. 





g 6 Frank W. Jane 

although occasionally in such cells (Fig. 15) smaller and more numerous fat 
globules were found. It is further evident that very young plants, as well as older 
ones, can assume this condition (Fig. 14). 

Whether the plant adopts this method of passing through adverse conditions 
in nature could not be ascertained. Certainly the Harpochytrium disappeared from 
the source of supply in the early spring, and if any plants remained their number 
was small, for none was found after a thorough search. 


Reproduction 

It is characteristic of the genus that only the upper part of the cell is used in 
the production of zoospores, the lower half continuing to grow and its upper half 
in its turn giving rise to zoospores. In H. tenuissimum the zoospores may be pro- 
duced in the shorter, as well as in the longer cells (Figs. 7, 9) ; zoospore formation 
is initiated by the transverse segmentation of the protoplasm of the upper part of 
the cell; each segment, of which there are usually from four to six (Figs. 16, 17), 
is uninucleate, and gives rise to a single zoospore. To judge from the few cells 
which were found in this condition, the lower part of the cell has a single nucleus, 
and its protoplasm is not separated from the segmenting region by a transverse 
wall (Fig. 10). This transverse wall is formed later. The apical segments round off 
somewhat to form the ovoid zoospores (Figs. 18-20), which are liberated by break- 
down of the apex of the cell. No movement was observed in zoospores in the 
sporangium. Although plants were kept under observation at every hour of the 
day and night, the author did not succeed in observing zoospores actually escape 
from the sporangium, and it was not, therefore, possible to follow the behaviour 
of the zoospore from the time of leaving the sporangium until it settled on an algal 
filament and produced a recognizable Harpochytrium plant. Nevertheless, one 
motile cell was observed which was undoubtedly a Harpochytrium zoospore; it 
remained motile for some 5 hr., finally attaching itself by the tip of its single 
flagellum (Fig. 21). Fig. 22 shows an older zoospore in which the flagellum has 
become shorter and thicker; it seems evident that this structure, by further short- 
ening and thickening, gives rise to the short stalk and attaching disk; the zoospore 
now begins to elongate, while distally it grows out into a somewhat narrower 
cylindrical region, which, by elongation and increase in diameter, gives rise to the 
mature plant. Young plants are characterized by their obviously swollen basal 
region (Figs. 25-31) and even in an adult plant a slight basal swelling ma y re main 
(Fig. 2); this feature is well shown in Korschikoff’s drawings. Very rarely the 
apical end of the cell increases to a diameter which exceeds that of the basal region 

(Fig. 6). 

Sporelings are at first uninucleate; they often contain a considerable am ount 
of fat, although this is not invariable ; the cytoplasm may be 'markedly granular, 
and may contain large vacuoles (Figs. 25-31). 

A unique plant is shown in Fig. 39, in which the zoospores have germinated 
at the mouth of the cell. It is thus apparent that at times the period of motility 
of the zoospores is very short, and that the length of time during which the 
zoospore remains active varies. In this respect the plant seems to be comparable 
with a species of Saprolegnia described by Lechmere (19x0), who noted all stages 
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between the germination of non-motile spores in the sporangium, and the pro- 
duction of the normal type of Saprolegnia zoospore. 

In the plant under present consideration the original wall is seen at os. Un- 
fortunately, this part of the plant was by no means clear, and it is uncertain whether 


Figs. 32-39. All figures are at same scale. Fig. 32. Young binucleate plant, with branching at 
very’ early stage; formol, iron aceto-carmine. Fig. 33. Young binucleate plant showing branching; 
formoi, iron aceto-carmine. Fig. 34. Older branching plant which has already liberated zoospores; 
the old sporangium wall (s.) is beginning to decay; formol. Fig. 35. Plant which has liberated 
zoospores; the sporangium wall is beginning to collapse; living. Fig. 36. Apex of plant after 
liberation of zoospores, showing splitting of sporangium wall preceding disorganization. Fig. 37. 
Diagram to explain probable method of growth of cell wall (for explanation see text). Fig. 38. An 
unusual plant in which active growth of the residual protoplasm has occurred before the old 
sporangium wall has broken down. Fig. 39. Plant which, after proliferation has liberated a second 
batch of zoospores, which have germinated at the mouth of the cell. /. fat globules; n. nucleus; 
os. remains of old sporangium; s. wall of sporangium; si. slit in wall of sporangium; v. vacuoles. 


the part above this region arose as a result of branching (as in Fig. 34), or was a 
simple proliferation. In either case the second batch of zoospores to be set free 
germinated at the mouth of the cell; this new cell, however, is seen to be full of 
protoplasm, indicating a proliferation, preliminary to the liberation of the third 
batch of zoospores. 

New PhytoL 41, 2 ' 7 
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Plants from which the zoospores had been liberated were very common (Figs. 
7-10); it was somewhat puzzling, therefore, to find little activity of the residual 
protoplasm; evidence of proliferation was extremely rare, and was, in fact, confined 
to the plant shown in Fig. 38, and to the unusual plant just referred to (Fig. 39). 
The explanation of this rarity of evidence of proliferation may be that after the 
zoospores have been liberated the residual protoplasm of the cell passes into a 
resting condition, and that some time elapses before zoospore formation again 
takes place. It is true that the protoplasm of such plants sometimes contains 
abundant fat globules, and this, it has been noted, is an indication that the plants 
are not growing actively. It is known that such plants will remain in the resting 
condition for some weeks: but the residual protoplasm is not always rich in fat, 
and it is probable that it often starts to grow actively again soon after the liberation 
of zoospores. The author is of the opinion that the very thin cell wall of the 
sporangial region collapses and becomes disorganized very soon after the zoospores 
have escaped. Early stages of this postulated collapse are shown in Figs. 34-36. 
The naked part of the residual protoplasm becomes covei'ed by a wall (Fig. 37 
broken line), which of course is in connexion with the original wall of the plant; 
this elongates with the lengthening residual protoplasm, and, with the collapse of 
the old sporangium wall, forms the upper part of the wall of the cell (Fig. 37 a , b , 
where the new wall is shown by a broken line, the old sporangial wall by the dotted 
line). In so thin a wall it would be extremely difficult, if not impossible, to detect 
the point of junction between the old wall and the new. At times (Figs. 38, 39) 
the old wall proves more resistant and remains after the residual protoplasm has 
elongated considerably, or even, in part, after the second batch of zoospores has 
been liberated. 

The taxonomy of the genus Harpochytrium 

While Harpochytrium was previously regarded as a chytridiaceous fungus, doubt 
was cast on the validity of this assumption by Wille at the beginning of the present 
century; he suggested that the plants were, in fact, saprophytic algae. Scherffel ’ 
(1926) described, under the name of H. viride , a tubular algal form with a single, 
large chromatophore ; this plant exhibits the proliferation of the sporangium re- 
garded as so characteristic of Harpochytrium , and is, unquestionably, a xantho- 
phycean alga. Pascher’s H. Scherffeli has a somewhat similar habit, and is, no 
doubt, closely related to H. viride ; its cells possess several chromatophores. The 
discovery of H. viride seems to have afforded sufficient justification for the assump- 
tion that the remaining, non-pigmented species of Harpochytrium are saprophytic, 
xanthophycean algae, although Pascher (1938) cautiously ventures the opinion that 
there may be, within this alleged genus, species perhaps not genetically related; 
he suggests that it may be advisable to separate the green and the colourless species, 
and in his key separates the obvious algal forms as a subgenus, Chytridiochloris , 
retaining the name Harpochytrium as a subgenus to embrace the colourless species. 

Our knowledge of these plants is very incomplete, and more detailed studies 
are required before their relationships can profitably be discussed. Unfortunately, 
they appear to be of rare occurrence, and there would seem to be little prospect 
of one investigator obtaining a sufficient variety of material to make the needful 
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monographic investigation. It is, therefore, greatly to be desired that the plants 
should be investigated as completely as possible when they are encountered; the 
results of the present investigation are presented in their somewhat incomplete 
form in the hope that they may stimulate such investigations as the opportunity 
arises. 

It is difficult at present to suggest any criteria which will enable us to dis- 
tinguish with certainty between a chytridiaceous fungus and a colourless xantho- 
phycean alga. Fritsch (1935) states that the cell wall of the Xanthophyceae is 
oftm rich in pectic compounds and that it is frequently composed of tw'o equal or 
unequal pieces overlapping at their edges; but it is apparent that at present, at 
least, these features cannot be regarded as invariably associated with the Xantho- 
phyceae. If, however, the obviously algal members of a genus, for example 
Harpochytrium , show these characters, it might reasonably be expected that the 
same state of affairs would exist in related, non-pigmented species. In Harpo- 
chytrium there is no information at present as to whether the cell wall of the 
pigmented species has these features, but in H . tenuissimum no evidence could be 
obtained that the cell wall contained pectic compounds, or that it consisted of two 
overlapping parts. If, when an opportunity presents itself to study the cell wall 
of the pigmented species, these characters are found to be absent, there would 
appear to be some justification for associating the colourless and the pigmented 
species : at present, however, the evidence for the relationship is not convincing. 

Of other features, the presence of fat in the cells of H. tenuissimum is no more 
an algal than a fungal character, nor is the single flagellum of its zoospore, while 
the proliferating sporangium, admittedly a peculiar feature, which might be held 
to indicate relationships in plants of so similar a habit as that exhibited by the 
green and colourless species of Harpochytrium, is not unique; it is seen, for example, 
not only in the xanthophycean Dioxys but also in the chytridiaceous Clado - 
chytrium , and again in members of the Saprolegniaceae. Possibly the germination 
of the zoospores at the mouth of the sporangium, of which a solitary instance is 
cited in //. tenuissimum , might be adduced as evidence of xanthophycean affinities, 
since it occurs in certain species of Ophiocytium ( Sciadium ); but analogous, if not 
strictly comparable, examples are seen in Chlorangium among the Chlorophyceae, 
while in Adilya the first-formed zoospores encyst at the mouth of the sporangium. 

It is, perhaps, pertinent to ask, therefore, whether homoplasy is not a sufficient 
explanation^ of the similarity between the pigmented and colourless species of 
Harpochytrium : at least, sufficiently striking examples of this phenomenon may be 
cited (e.g. Characium and Characiopsis , Protosiphon and Botrydium). In the present 
state of our knowledge of the genus, caution suggests the desirability of separating 
the two groups of species, raising to generic rank Pascher’s subgenus Chytridio- 
chloris for the reception of the pigmented species, which are undoubtedly xantho- 
phycean algae, and retaining the name Harpochytrium for the non-pigmented 
species. The two groups may be related, but it must be admitted that the present 
study does not appear to lend support to this view. 
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Summary 

1. The structure and reproduction of Harpochytrium tenuissimum Korsch., are 
described. 

2. The systematic position of this plant is discussed; available evidence no 
more suggests that its affinities are with the Xanthophyceae than with the 
Chytridiales. 

3. It is suggested that with our present imperfect knowledge of the genus, 
there is not sufficient reason for associating together the pigmented and the non- 
pigmented species of the genus, and it is proposed that PascheFs subgeneric name 
of Chytridiochloris be raised to generic rank for the reception of the green species, 
while the name Harpochytrium be applied only to the colourless species. 
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ON THE CAUSES OF REGENERATION AFTER 
LONGITUDINAL SPLITS 


By R. SNOW 

Fellow of Magdalen College , Oxford 
(With 4 figures in the text) 

In many species if one makes a median longitudinal split in a young internode, 
without injuring the shoot apex, so that the cambium, as seen in transverse section, 
is divided into two half-rings, then, as was shown by Kny, cited by Vochting (1892, 
p. 149), each of the half-rings becomes after a time rounded off into a complete 
ring through the formation of a new cambium on the inner side. Again, if a root 
tip is split longitudinally, the halves round themselves off by lateral regeneration, 
and in animals if a limb bud of an amphibian is divided longitudinally, the halves 
may form complete limbs. In all these examples, to which others might be added, 
it is surely of interest that regeneration is caused although nothing is removed: for 
this raises the question, What then exactly is the factor which sets the regeneration 
going? Accordingly, the writer has made a few experiments, which will here be 
reported and discussed, on the causes of this lateral regeneration in stems and root 
tips. 

Vochting (1892, p. 148) suggested an explanation of the rounding off of half- 
rings of cambia. From his experiments on transplantation in swollen roots of beet 
he had concluded that a cambium is caused to form internally to every surface, 
such as the external surface or a surface made by a cut, in a position and orientation 
which follow certain rules. A similar conclusion, though without the rules of 
orientation, had been reached previously by Bertrand (1884), who stated, without 
giving details, that in various species new cambia are formed around various obstacles 
and holes both artificial and natural, such as inserted needles, sclerites, secretory 
canals, cells containing crystals, and even intercellular spaces. Perhaps some of 
Bertrand's cambia were really phellogens. Vochting went on to remark very 
cautiously that so far as he could see the rules which he had formulated covered all 
known examples of formation of cambia, including those in Kny’s experiments. 

However, it is certain that the natural obstacles and holes mentioned by Bertrand 
do not always cause cambia to form around them, and further, the experiments to 
be reported here will show that in young stems it is not every kind of artificial 
obstacle or hole which causes a cambium to form, so that the question will arise 
whether the cambial regeneration in split stems may really be due to some other 
cause. 

The present experiments were made mainly on young hypocotyls of sunflowers. 
For the repetition of Kny’s experiment these were split in a median longitudinal 
plane for a distance of about 1*0 or 1*5 cm. near their upper ends, usually when they 
had reached about half their final length or a little more, and the cut surfaces were 
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washed and vaselined, and a piece of mica was placed between them. After 3 or 
4 weeks the split regions were examined by transverse sections, and it was regularly 
found that in each half a new cambium had been formed internally to the cut surface 
so as to connect the cut edges of the old cambium, in the manner shown in Fig. 1. 
The edges of the old cambium must have formed new patches of tissue by prolifera- 
tion, since they no longer reached to the cut surface. Also the cells of the pith had 
grown and divided in the zone between the new cambium and the cut surface, and 




' Figs. 1-4. 

Figs. 1 and 3 single halves and Fig, 3 both halves of split sunflower hypocotyls drawn in transverse 
section under projector, but semi-diagrammatic. Fig. 4 a split root-tip of Vida Faba drawn free-hand. 

Itei Xylem. (Bp) Region of new cell divisions, «== Cambium. \ j Junctions of old and 
new cambia. Phloem left unshaded. 

for a little distance internally to the new cambium, but the new cells so formed were 
much wider than those of the cambium. This new growth in the pith varied very 
much both in quantity and quality. 

Young epicotyls also of Phaseolus muUiJIotus were split in the same way, and 
in these the cambial regeneration was found to be slower and more erratic. From 
examination of these epicotyls and also of those of the sunflower hypocotyls in 
which the regeneration was slowest, it appeared that the pith cells began to grow 
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and divide at an earlier stage, and that the new cambium was formed a little later 
within the zone of new divisions. It also appeared that new cambia were formed 
soonest close to the edges of the old cambium, and that from these positions they 
spread across internally to the cut surface until they met somewhere about the 
middle, though this is hardly what would be expected if the formation of the new 
cambium were somehow caused by the cut surface. 

In some of the sunflower hypocotyls the halves were not separated with mica or 
vaseline, but were pressed together with strips of plasticine placed round the outside. 
When they were examined later by transverse sections, it was usually found that 
the cut edges of the old cambial ring had reunited completely, and there was then 
never any sign of a new cambium in the pith, and usually there were no divisions of 
the pith cells at all. Occasionally there were a few irregular divisions in the pith 
on each side of the line of the split, which was still made visible by the brown 
wound scar, but even these divisions were much fewer than when the halves were 
kept separated. In one hypocotyl it was found that at one level the halves of the 
old cambial ring had reunited, while in the pith the halves had gaped apart: yet 
even here there was no new cambium round the hole in the pith, but only a few 
irregular divisions of the pith cells. In another hypocotyl the halves of the cambial 
ring had reunited on one side only, and except on this side the halves of the pith 
were still separate. In this one (Fig. 2) a new cambium extended into the pith from 
the edges of the old cambial ring only on the side on which these had failed to 
reunite, so that it connected these edges by a loop, in some places rather feebly 
developed, reaching across nearly to the far side of the pith. Controls with mica 
strips between the halves showed that the pressure of the plasticine made no difference 
to the regeneration. 

These observations strongly suggest that the factor which causes a new cambium 
to form in the pith of a young stem after a split is not the wound surface in the pith, 
but the permanent interruption of the old cambial ring. But to test the point 
further the following experiment was performed. A sunflower hypocotyl was split 
in the usual way and a strip of mica was inserted which was only so wide as to cover 
most of the pith without reaching to the xylem on either side. In order to see that 
the mica strip was correctly placed covering the pith only, it was necessary to cut 
through one of the split halves at the base and to lift up the flap so formed while 
inserting the strip. The halves were then pressed together again with plasticine. 
The mica strip extended lengthwise over nearly the whole length of the split. After 
5 weeks, a longer period than usual, the split region was fixed in alcohol, the mica 
strip was drawn out from one end, and on examination it was found that the cut 
edges of the old cambium had reunited and that in the pith there was a slit-shaped 
hole where the mica had been. But around this hole there was no new cambium, 
and only a very narrow zone of irregular divisions of the pith cells, about three cells 
deep. In four other hypocotyls which were split as controls the halves were kept 
completely separated, and after about the same period all the eight halves had 
regenerated new cambia. 

These results therefore confirmed the indications that the cambial regeneration 
in the pith of young split stems is not caused by the new surfaces in the pith, but 
by the interruption of the old cambial ring. The regeneration appears further to 
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follow the rule that when the cambial ring is permanently interrupted by a longi- 
tudinal cut or obstacle of any kind, new cambia start from the cut edges of the ring, 
turn laterally inwards through the pith, and continue to extend until they meet. 
Since the new cambia are apparently obliged as a rule to keep to some minimum 
distance from the wound surface (see Fig. 2), the surface does in that way take 
part in determining their position, though it is not the cause of their formation. 
A further indication that the new cambia extend gradually from the cut edges 
of the old one is that in a few of the halves of the permanently split hypocotyls, at 
some levels of the split, the new cambia had from some unknown cause turned 
outwards at two points so as to abut directly on the cut surface. An example is 
shown in Fig. 3.. Where this had happened there was no new cambium in the region 
between these two points, so that it seemed that the new cambia had been prevented 
from extending further by running up against the cut surface. 

An incidental question of some interest is what happens just above and below 
the split. In transverse sections of split hypocotyls made at these levels after 
about 5 w'eeks it was seen that the new cambia everywhere ended suddenly at 
just about the levels of the tops and bottoms of the splits, so that they must have 
extended roughly horizontally from the cut edges of the old cambia, and hardly at 
all in obliquely upward or downward directions. But in longitudinal sections it was 
seen that the new cambia were continued upwards and downwards by short stretches 


of irregular cell divisions which just arched over the tops and bottoms of the splits 
and gave the impression of being forerunners of new cambial zones. So it is quite 
probable that after still longer periods the new cambia would just have arched over 
the splits above and below. 

Since it has now been concluded that the causal factor leading to the lateral 
regeneration of the cambia in split internodes is the interruption of the old cambial 
ring, it next becomes necessary to consider what may be physiologically the manner 
in which this interruption works. If the interruption of the cambial ring by a 
longitudinal split leads to certain effects, it seems that previously some process must 
have been taking place in the ring in lateral directions, and that it is the interruption 
of this process which causes the effects. For if there were no such process, the mere 
fact of morphological interruption would surely make no difference. It may of 
course be said that a morphogenetic field of some kind is interrupted by the split. 
But the conception of a morphogenetic field, even if convenient, is itself at present 
only descriptive and needs to be interpreted physiologically. 

To make the discussion less abstract, it may be suggested that the nor mal process 
which is interrupted by a split in a cambial ring may be a movement of some process 
or substance in both directions round the ring. This would bring the lateral cambial 
regeneration into line with the increased cambial growth and format-ion of roots 
above horizontal cuts in stems, which are due to the interruption of the nor mal 
downward flow of auxin. 

The next step therefore is to look for evidence of such a laterally moving process 
in the cambial ring, and one way of doing this is to try to determine whether the 
process depends on the movement of some active substance capable of diffusing out 
of the cells. An experiment for this purpose is readily suggested by the fact that 
when the halves of split cambial rings reunite, no new cambium is formed in the 
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pith. Will then a new cambium be formed if the halves are pressed together in 
moist contact, but somehow prevented from reuniting? 

In order to test this point, six sunflower hypocotyls were split in the usual way, 
the cut surfaces were washed, a strip of moist linen was placed between the halves, 
and the halves were pressed together with plasticine. From time to time the 
plasticine was refashioned to keep it from being cracked by the growing parts. 
After 4 or 5 weeks it was found that strong new cambia had been formed in the pith 
in the usual way, no less strong than in controls with mica inserted in the split, 
so that the moist contact of the halves had made no difference. 

These results are by themselves hardly adequate to exclude completely the 
possibility that the split acts by interrupting the lateral movement of a hormone, 
but they are supported by some rather similar experiments on split root tips to be 
reported below. Naturally it remains possible that the split may act by interrupting 
a laterally moving process of some other kind. 

Incidentally, it may be remarked that a tendency to form new cambia as a result 
of some influence spreading from the edges of existing cambia would explain also 
the normal formation of interfascicular cambia. 

Just the same questions arise with regard to the regeneration of longitudinally 
split root tips. For the halves round themselves off into complete new tips by growth 
on their inner sides, so that here also regeneration is set going though nothing is 
removed. Thus in split roots of Vida Faba , for example, the halves of the apical 
meristem round off completely in a few days, and a little higher up also, at distances 
from about 0-3 to i-omm. above the apical meristem, the halves round off, but 
here not completely. For at these slightly higher levels it is mainly the halves of 
the plerome or stele and of the inner cortex which round off, while the outer cortex 
scarcely does so (see Fig. 4). Through this regeneration the halves of the stele 
become not only rounded oft, but also separated by parenchyma continuous with 
the old cortex, which is formed between them, as the figure shows. The halves 
regenerate at these slightly higher levels even if the split is not continued down 
through the apical meristem, as Nemec mentions (1905, p. 250). The whole process 
is described in detail by Nemec (1905, p. 134 seq.). 

The same considerations, therefore, as have already been set out in regard to 
the lateral regeneration of cambia made it desirable to try to determine first whether 
the split root tips could be prevented from regenerating by being made to reunite, 
and secondly, if so, whether this could also be achieved by means of moist contact 
without reunion. 

The task of preventing regeneration by making the halves reunite was found to 
be much more difficult than it was with the split internodes. Young roots of Vida 
f aba were used, and the only method which ever succeeded for certain was to keep 
the halves pressed tightly together by making the split tips grow down through the 
narrowest obtainable rubber tubing, after strengthening and further narrowing the 
tubing by winding fine wire round it. Even this method succeeded for certain only 
with two of the split tips. In one of these it was found after a few days that the halves 
had elongated strongly and were completely unified into a single root tip and root 
throughout, although the brown wound scar was still visible between the halves in 
some places. The single stele was well formed. In the other, which had also elongated 
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well, the very lowest part of the apical meristem was double for a distance of about 
0*1 mm., but above this came a zone of about 0*4 mm. in which the halves were 
completely unified, having a single plerome or stele, while higher up again the 
degree of unification varied at different levels. 

But in eight others of these split root tips the extreme tips of the halves were 
found to be separate, and higher up the halves had formed two pleromes or steles, 
which were rounded off and separated by considerable parenchyma on their inner 
sides. Yet in these also the pressure of the tubing had made the halves adhere firmly 
together, and the brown wound scar was broken in many places. Some of these 
latter tips were split under water and kept under water for some hours before being 
inserted into the rubber tubing, and this must have washed away most of the wound 
substances formed. Purest distilled water (' ■ conductivity’ water) was used, since it 
had been found that under this water very little film or scar, if any, is formed on the 
wound surfaces; and with less wound scar diffusion from one half to the other will 
be easier. The evidence that regeneration does not depend on a wound substance 
is confirmed by another experiment in which a root tip was split under conductivity 
water, and one of the halves was removed to allow the water to wash the remaining 
half more freely. The remaining half was kept all the time under conductivity water, 
which was changed daily, but it regenerated just as well as usual. Its cut surface 
showed scarcely any film or scar. 

In other split root tips in which the halves were not strongly pressed together, 
they regularly regenerated on their inner sides, although often they remained in 
good moist contact and adhering and were found to have only very little wound 
scar between them; and this scar Was usually broken in many places. Many of these 
tips were split under conductivity water and were kept under it for some hours. 
The tips were then often dipped, with the halves adhering, into melted cocoa butter, 
which helped to hold the halves lightly together. They were then transferred to 
damp air, and water was supplied through the cotyledons. Again in many of the 
tips the root caps, and in some of them the apical meristems also, were left unsplit, 
to hold the halves together. But none of these arrangements ever prevented the 
halves from regenerating. Since regeneration was so persistent even when reunion 
was encouraged, there was no need to try experiments with moist contact but with 
reunion prevented. 

It seems unlikely that all the regenerations of the half root tips, in spite of good 
moist contact and adhesions between them, can have been due merely to some defect 
in the conditions of contact. The results are surely enough to make it probable that 
the splits do not cause regeneration by interrupting the normal lateral flow of any 
hormone capable of diffusing out of the cells: and if this is so, the same is probably 
true for the split stems also. Yet for the reasons already given with regard to the 
split stems it seems necessary to suppose . that the splits do act by interrupting a 
laterally moving process of some kind ; and this process must therefore apparently 
be one for which protoplasmic continuity is needed. As to the two root tips in 
which the halves actually were prevented from regenerating by being pressed tightly 
together, it may be supposed that in these the halves quickly grew together again 
and re-established the protoplasmic continuity. 

The inferred process of which the interruption by a split leads to regeneration 
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may now be regarded in a more simple and positive way as a process which normally 
maintains the morphological unity of the organ in the lateral directions. If the 
nature of such a process could be discovered, it would become possible to interpret 
physiologically a morphogenetic field. The conclusion that the lateral regeneration 
of split root tips is due to the interruption of some normal laterally moving process 
agrees well with the conclusion reached by Nemec (1905, p. 362) that the regenera- 
tion of a root tip after decapitation is mainly due to the interruption of some corre- 
lative influence normally exerted by the tip upon the zone just above it. The con- 
ditions leading to lateral regeneration are also discussed by Nemec (1905, p. 248 seq.). 

One more set of experiments was performed to find out roughly what is the 
minimum distance for which a root tip must be split in the zone just above the 
apical meristem in order that the halves may regenerate. For this purpose root tips 
were split or pricked through transversely in the region from 0-3 to 0-5 mm. above 
the tip of the apical meristem, first with a fine-pointed scalpel, and then, when this 
was found to cause regeneration, with a steel needle and with progressively finer 
glass needles. Rather surprisingly it was found that a transverse prick through this 
zone with a glass needle only 60 fx thick was regularly enough to cause regeneration. 
For the halves of the plerome rounded off into two pleromes or steles at the level 
of the prick, and considerable parenchyma was formed between them. This result 
tends to support the conclusion that lateral regeneration is not due to the inter- 
ruption of a laterally moving hormone. Pricks with still thinner glass needles, only 
25 /x thick or less, did not cause regeneration. 

' Summary 

1. In young stems split longitudinally the halves of the cambial ring are known 
to become rounded off into two new rings by regeneration on the inner sides. Also 
in split root tips the halves round themselves off by regeneration on the inner sides. 
Since the splits do not remove anything, the question is raised, What is the causal 
factor which starts the regeneration? 

2. Evidence is offered that the causal factor is neither a wound substance nor, 
as has been suggested, the formation of a new surface. It is shown that in split 
stems it is the interruption of the continuity of the old cambial ring in the transverse 

directions. 

3. It is argued that if the splits cause regeneration by interrupting transverse 
continuity, then they must interrupt some process which normally takes place in 
the transverse directions and maintains the unity of the organ. 

4. Evidence is offered indicating strongly that this transverse process is not the 
movement of a hormone capable of diffusing out of the cells, and that it needs 
continuity of protoplasm. 
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1. Introduction 


In a previous paper (Snow & Snow, 1935) we reported experiments designed to 
test whether the difference between whorled and spiral phyllotaxis is due to some 
intrinsic regulating property of the stem apices of species with whorled phyllotaxis, 
or whether whorled phyllotaxis also can be explained on the basis of the rule which, 
according to our earlier experiments (1931, 1935)) holds good for the spiral phyllo- 
taxis of Lupinus albus. This rule is that each new leaf arises in the first space that 
attains both a certain minimum width and a certain minimum distance below the 
growing point, and it continues and extends the ideas of Hofmeister (1868), Van 
Iterson (1907) and others. An explanation by this rule belongs to the group of what 
Schoute (1938) has called £ junctionar theories, because the phyllotaxis is supposed 
to be built up by joining each new leaf on to the pattern of the older leaves or other 
lateral members just below it. As to the origin of whorled phyllotaxis, we set out 
the problem more fully previously (1935, p. 64). 

In order to study the difference between whorled and spiral phyllotaxis, we 
previously (1935) split in, a diagonal vertical plane stem apices of Epilobium 
hirsutum which have defcussate phyllotaxis (that is, alternating whorls of two), with 
the result that the halves usually developed spiral phyllotaxis after regenerating. 
We concluded (1935, p. 91) that the way in which this happened strongly supported 
opinion of Weisse (1894), Van Iterson (1907) and others that the difference 
between spiral and decussate phyllotaxis depends mainly or entirely on 'junctional* 
factors in the above sense. 

We did indeed notice (1935, p. 92) that the apices of E. hirsutum had less ten- 
dency to settle down after an operation to a spiral phyllotaxis with constant 
divergence angles than had those of Lupinus albus , and also (1935, p. 79 $eq.) that 
they occasionally returned nearly to decussate phyllotaxis. But we considered 
( I 93 S> P* 9 2 ) that it would be premature to conclude that these differences were due 
any regulating mechanism, and that if the facts were more fully known the 
differences might perhaps be explained on a purely junctional theory, in terms of 
some such factors as the different shapes and sizes of the young leaves and apices 
in the two species. 

Subsequently, however, a study of the effects of another operation on Epilobium 
hirsutum raised again the question whether whorled phyllotaxis is to some degree 
some special process which acts not instead of the junctional factors, 
addition to them. Schoute also, though he has himself proposed a junctional 
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theory of phyllotaxis (1913), has also given strong reasons for thinking that whorled 
phyllotaxis often cannot be explained by junctional factors alone (1936, p. 672; 
1938, p. 508). In order therefore to determine more clearly whether this is so, and 
in order to study the regulating processes if any should be found, it seemed desirable 
to operate upon apices of species in which such regulating processes were likely to 
act most strongly. For this purpose species of Labiatae were the obvious choice, 
since all species of this family have whorled phyllotaxis and nearly all of them have 
very regular whorls of two, though a few are said to have whorls of higher number 
(Schoute, 1936, p. 678). The results therefore of diagonal splits and of some other 
operations on apices of various Labiatae will here be reported and discussed. 

As to Schoute’s opinions (1938) about the nature of the supposed regulating 
process, these will be discussed at the end of this paper. But here it seems necessary 
to answer his criticisms of our own conclusions. He writes (1938, p. 510): ‘In these 
regenerated apices the authors observe that the new leaves are always to be found 
in those places left free by the edges of the older leaves; consequently they conclude 
that the position of the new leaves has been determined by these edges’: and he 
goes on to maintain that this argument is unsound, on the grounds (if the writer 
understands him rightly) that the new leaves may first be determined independently 
of the spaces between the older leaves and then extend laterally so as to fill up such 
spaces as are available. 

But the argument which he criticizes is not ours. Our argument, which seems 
clearly expressed (1935, p. 71 seq., and 1931, p. 8 seq.), amounts to this, that in our 
experiments the next leaf always arose in the largest gap between and above the 
edges of the previous leaves, even when that gap was in a quite abnormal position. 
Thus the time sequence in which the leaves arose in the different gaps followed the 
order of the sizes of those gaps, and we took this to show that the positions of the 
leaves depended on the positions of the gaps, and further, to indicate that a leaf 
arose in each gap as soon as it attained some minimum width and depth (1931, 
p. 16). The time sequence of the leaves was of course inferred from the levels of 
their insertions. 

Schoute writes also (1938, p. 510) that. ‘without any treatment the operated 
apices . . . would have become spiral in a very short time ’ on passing into the flowering 
stage, and he therefore considers it ‘very natural’ that some of the regenerated 
apices were spiral. We stated previously (1935, p . 65) our reasons for considering 
that the spirals in the regenerated apices could not be due to any supposed change 
to the flowering stage, and there is little that need be added now. The normal apices 
of E. hirsutum begin to form spirals when they pass into the flowering stage but 
scarcely ever before they do so; and it is therefore irrelevant that the apices operated 
upon or the regenerated apices would soon have passed into the flowering stage 
since actually of the thirty-seven spiral regenerated apices none did do so during 
the whole period of experiment (during which they usually formed eight leaves 
or more), except two (nos. 37a and 58) which reached the flowering stage only 
when they had formed nine and six leaves respectively since the operation 

The level at which an apex passes into the flowering stage can indeed be easily 
recognized in transverse sections as the level at which axillary flower buds first 
appear instead of vegetative buds, the flower buds being larger and rounder. Out 
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of twenty-three normal apices of this species which were pickled about when they 
were passing into the flowering stage and afterwards sectioned, only one had begun 
to make a spiral worth the name before the flower buds appeared, having formed 
four leaves in spiral sequence before the flower buds. In a few others the two or 
three pairs of leaves of the decussate phyllotaxis just before the flower buds had a 
very slight spiral tendency, but not enough for the phyllotaxis to be classed as 
spiral. It may also be noted that the transition to a spiral on flowering is gradual, 
whereas in the experiments the spirals started suddenly with the first leaves after the 
operations. 

2. Species and methods 

The diagonal splits to be reported here were made on apices of four species of 
Labiatae, Coleus Blumei , Stachys tuberifera , S. silvatica , and Salvia coccinea . The 
plants of all the species except Coleus Blumei were used when quite small, those of 
Stachys tuberifera being grown from tubers, and those of the last two species from 
seed. None of the regenerated apices passed into the flowering stage during the 
periods of the experiments, except two apices regenerated after one split in Coleus 
Blumei , which after the operation made twelve and five vegetative leaves respectively 
before making floral bracts. Coleus Blumei and Stachys tuberifera cannot be recom- 
mended for such operations, as their apices often died ; but with Stachys silvatica and 
Salvia coccinea the splits succeeded and gave two regenerated apices almost every 
time. S. coccinea is the more convenient as its internodes elongate later. Other 
operations which were made on the last three species were the splitting in a vertical 
radial plane of an I x (the region from which one of the next pair of leaf primordia 
was due to arise), or of a P t (one of the youngest pair of primordia visible at the time 
of operation), and the splitting of a P x in a tangential plane. These operations were 
made mainly to test the relation between leaf and axillary bud, and we have reported 
the results relevant to that question already (1942). 

The method of operating was the same as we have described before (1931, 1935, 
2937)* except that a binocular giving 52 magnifications instead of 30 was often used 
with advantage. Subsequently the apical buds were pickled, embedded in collodion, 
sectioned transversely and drawn under a projector as before. The times before 
pickling were usually enough for about eight leaf primordia to be formed after the 
operation. These times varied with the temperature and species. 
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3. The origins of the phyllotaxis systems after the splits 

The results of the diagonal splits are summarized in Table i. From this table two 
main points are evident, first that even in Labiatae the apices regenerated from the 
halves after diagonal splits sometimes make spirals, and second that they do so much 
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less often than in Epilobium hirsutum in which species we found (1935) that thirty- 
seven out of fifty such apices made spirals. One of the spiral apices (Stachys 
silvatica) with eight leaves formed since the operation, is shown in Fig. x , and another 
of the same species with nine leaves in Fig. 2. Another (Colens) had formed five 
leaves, and the remaining four (two Stachys silvatica and two Salvia coccinea ) did 
not continue spiral but returned to whorls of two after making five, four, four and 
three leaves in spiral sequence. Three of these are shown in Figs. 3-5, and their 
returns to whorls will be discussed in § 4. 
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F ig. I by c. Stachys silvatica. A spiral apex regenerated after a split, a, b, c are transverse sections 
at different levels from above downwards. The plane of the split is shown approximately in c bv a 
double-headed arrow. The outer leaves are omitted from a. ax 53, bx 31, cx 23. 

We have already interpreted the origin of spirals after diagonal splits on a 
‘junctional’ basis (1935, p. 68). In brief, the split allows more room on one side 
of Pi than on the other, and consequently the next two leaves that arise after the 
operation (4 and / 2 ) arise in succession and at different levels. Also these two leaves 
are usually not quite opposite, and usually converge towards the wound, though 
sometimes they diverge from it. Thus the system is asymmetric from the start and 
spiral phyllotaxis is to be expected. 

The question arises therefore, How is it that in the Labiatae the regenerated 
apices were so seldom spiral and were much more often nearly decussate or became 
so? One first step towards decussation was that in the Labiatae, as Table 2 shows, 
the first two leaves that arose after the split were often in a whorl together, being 
practically at the same level, although they were seldom exactly opposite,, whereas 
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Table 2. The level of insertion of the next leaf (/,) or the next two leaves 

after a split 


| ■ Species 

h not in 

Two Ii s in a 

h in a whorl ! 

Not I 

a whorl 

whorl together 

with Pj ■ j 

noted 

| Stachys tuherifera 

0 

10 



j Coleus Blumei 

3 ! 

9 

; 2 j 

■ 1 

7 

■O 

j Stachys silvatica 

J Salvia coccinea j 

/ 

10 

2 

0 

0 

0 . .! 

4, 

0 
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in Epilohium hirsutum these two leaves were never at the same level, and nearly always 
quite far from being so. 

This different reaction of the Labiatae already suggests that there works in them 
some kind of ‘whorl-making’ factor in addition to the junctional factors. But since 
the junctional conditions immediately after the split are difficult to determine very 
exactly, it will be more profitable to study in detail the evidence for such a factor 
when it can be found at a later stage; and this will be done in § 4. For since the 
next two leaves after the operation were seldom opposite, even when at the same 
level, some further regularizing step was needed to make the system return to some- 
thing approaching a symmetric decussation as it so often did. Also four of the 
apices in which / x was not in a whorl returned nevertheless nearly to decussation 
(one Coleus and three Stachys silvatica ), and these also will be discussed in § 4. Of 
the remaining apices in which I t was not in a whorl, seven formed spirals and two 
formed irregular or other systems. 

Table 2 shows also that in seven apices of Stachys tuberifera I x formed a whorl 
with P t . Examples are shown in Figs. 6 and 7. This was a very surprising result, 
but it can hardly be a mistake, since P x could be identified by counting up from an 
older leaf marked at the time of operation, and also since it was noted seven times, 
but only in the one species. Tables 1 and 2 indicate that the whorl-making factor 
is strongest in S . tuberifera y less strong in Coleus and less strong again in the other 
two species. 

Here may be mentioned also amongst the apices operated upon in other ways 
one apex (Stachys tuberifera) which formed a very good system of whorls of three 
(Fig. 8). In this apex a P x had been split tangentially and had not developed. The 
two If s are almost in a whorl with the opposite intact P u and subsequent whorls 
alternate regularly. 

4. The returns to decussation 

We described previously (1935, p. 79 and Fig. 12) a bilaterally symmetric oscillating 
phyllotaxis which was sometimes found after operations on Epilobium hirsutum . In 
this system a pair of leaves that are at the same level but not opposite is followed 
by a second pair that are opposite but not at the same level; and these are followed 
in turn by a third pair which, like the first, are at the same level. These converge 
towards the lower leaf of the second pair and so in the opposite direction to the 
first pair. On a purely junctional theory this system can readily be understood and * 
should continue indefinitely, as it often did in Epilobium . In many of the present 
experiments a beginning was provided for this system when the If s were at the 
same level but not opposite, and in others of these experiments beginnings were 
provided for it in various other ways; but then the system instead of continuing 
usually returned to decussation or nearly to it. Since it does not seem possible to 
explain these returns to decussation by junctional factors alone, they indicate that 
tome regularizing factors are at work in addition to the junctional factors. They also 
show very clearly the different ways in which these factors can work, since some of 
these returns to decussation took place at the first of the two phases through which 
the oscillating system passes and some at the second. Sometimes again the return 
was more gradual, and then it was less instructive. 
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way in which the oscillating system returned to decussation was by 
ise at the same level an opposite pair of leaves which on a purely 


*i?**it’ ~ 1 ' F tac} !^ s tuf,e "fera. Sections of two regenerated apices in which P, and /, were in a 
whorl together. Both X21, 

Fig. 8 a, b, c. Stachys tuberifera. An apex which formed whorls of three, when one of the P.’s had 
been split tangentially and had failed to develop, a x 21, h and rx 16. 

junctional theory should have arisen at different levels, since they followed a pair 
which was not opposite. They were, however, unequal in size, as would be 
expected. Examples are shown in Figs. 9 (Coleus), 10 (Stachys tuberifera) and 11 
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( s . sikatica). In these examples a pair of leaves which arose after the operation 
were far from being opposite, but yet the next pair were practically at the same level, 
and consequently the next pair again were practically opposite. The first two of 
these apices had been regenerated after diagonal splits, and in the third apex an 
had been split radially and had not developed. Altogether eleven very clear examples 



direction 4/ 
of (approx.) 


X/, opposite/ % \ v O y/ 

U opposite^/ 

Figs. 9 a, h % Coleus Blumei and io a, b , c, Stachys tuberifera. Two apices regenerated after splits 
which returned to regular decussation by means of a pair of leaves at the same level following a pair 
which were not opposite. All x x6. 

big. xi a, h, c. Stachys silvatica . An apex which returned to decussation in the same way when 
e presumptive area of one of the I t y $ had been split radiallv, and the L had failed to develop. 

axzi f b and cx 16* . 

of this kind of return to decussation were found amongst the Labiatae. The angles 
y P a * r of leaves deviated from being opposite ranged from 21 to 6o°, 

Similar returns towards decussation were often found in Epilobium hirsutum 
a ter isolations of a I\, For often the / x *s converged strongly towards the wound, 
mt yet the I 2 3 were at practically the same level though unequal, and the / 3 ’s 
near y opposite. We thought previously (1935, p. 81) that these returns were due 
to tie much larger size of one of the 1 % s, but it now seems to the writer more 
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probable that the primary factor was the bringing of the / 2 ’s to nearly the same level, 
in most of these apices at least. The previous explanation may, however, still hold 
good for a return to decussation after a split illustrated previously (1935, Fig. 10, 
p. 81), which was not preceded by an adjustment of levels. In any case the Epilohium 
apices did not always return to decussation after an isolation of P x , but sometimes 
continued to oscillate, as also they did after some of the diagonal splits (1935, 
Fig. 12 and p. 79). 

The second way of returning to decussation was by causing to arise in practically 
opposite angular positions a pair of leaves which on a purely junctional theory 
should not have been opposite, since they followed a pair which were at different 
levels. Six examples were found, all of them in Coleus after diagonal splits, and one 
of them is shown in Fig. 12. In this apex the beginning of the system after the 
operation was not identified, so the pairs of leaves are given arbitrary numbers. 
The leaves 1 and T are far from opposite and 2 and 2' are consequently at very 
different levels, the lower leaf being in the larger gap, since apparently no regularizing 
factor had intervened at this stage. But leaves 3 and 3', instead of converging towards 
the lower leaf of the previous pair are practically opposite, and the phyllotaxis is 
finally regular. 

What may be a variation of this second way of returning to or towards decussa- 
tion was found in four apices regenerated after diagonal splits (three Stachys 
silvatica and one Coleus ), in which there was a single I x in a roughly transverse 
position and then a pair of /«/ s which were not far from being opposite. One of 
these ( Coleus ) is shown in Fig. 13. But the interpretation of these four apices is 
less certain, since the region of the apex opposite to / 5 and on a level with it, where 
another leaf might have been expected, was close above the wound, and it is 
difficult to be sure exactly what were the junctional conditions in this region after 
the operation. 

Still a third kind of return to decussation was a return made directly from a 
spiral. This was found in four apices regenerated after splits (two Stachys silvatica 
and two Salvia coccinea ), Three of these apices, which were very, striking and were 
shown in Figs. 3-5, made a pair of opposite leaves at the same level following 
directly upon a number of leaves in spiral sequence, so that the levels and angular 
positions of this pair of leaves must both have been regulated at once. In the fourth 
apex the return was more gradual. 


5. Conclusions from experiments 

The experiments reported show that in the species of Labiatae the positions of the 
new leaf primordia are often regulated by some causal factors which are distinct 
from the ‘junctional’ factors — distinct, that is, from the spatial conditions set up 
by the older leaves or other contact members just below. For two leaf primordia 
which on a purely junctional theory would be expected to arise at different levels 
may be somehow caused to arise at the same level, and two leaf primordia which 
would not be expected to be opposite in angular position may be somehow caused 
to be opposite: or again the same two leaf primordia may be adjusted in both 
respects at once. These regulating factors, which apparently are peculiar to species 
with whorled phyllotaxis, should be considered as acting not instead of the junc- 



F*i» 13 <i) h* Coleus Blunm. A regenerated apex which formed 
following a single leaf, a x 31, b x 23. 


a nearly opposite pair of leaves 


l a J b > c ' Blumei. A regenerated apex which returned nearly to decussation by means of 

a pair of opposite leaves following a pair which were not at the same level a x 23, b and c x 18. 
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tional factors but in combination with them* For sometimes the regulating factors 
fail to act when they might be expected to act, and then the effects of the junctional 
factors are clearly revealed. 

Thus in the spiral apices, so long as the spirals continued, the positions in which 
the leaves arose were in accordance with the junctional factors alone, though finally 
some of the spirals returned to decussation. Again in Fig. 12, as already noted, the 
different levels of leaves 2 and z f are in accordance with the junctional effects of the 
leaves below them and have not been regulated towards decussation, although the 
system had already returned to bilateral symmetry. In a few other apices also 
junctional factors were found to have acted without being interfered with by any 
regulation. It is certainly puzzling that the regulating factors sometimes failed to 
act in this apparently capricious way. 

In Epilobium hirsutum there seems to be at least one of these regulating factors 
at work, the one which tends to equalize the levels of the insertions of a pair of leaf 
primordia, though the regulation is much weaker than in the Labiatae. So at least 
it now seems to the writer after consideration of the results of the isolations of 1 \ 
in Epilobium and after comparison with the experiments on the Labiatae, though 
previously we considered that such a conclusion would be premature (1935, p. 93). 
That the regulation is, however, weaker in Epilobium than in the Labiatae follows 
from the much greater frequency of spirals after diagonal splits, and from the 
fact that in Epilobium the oscillating bilateral system described in §4 and some 
other slightly Irregular systems much more often continued their irregularities 
through several stages in ways that can readily be understood on a junctional 
theory. 

With regard to the second regulating factor which in the species of Labiatae 
sometimes makes two leaves arise opposite to each other when without it they would 
not have done so, an interesting point arises. For one of these species was able to 
make a very good system of alternating whorls of three after an operation (Fig. 8), 
and according to Schoute (1936, p* 678) probably all decussate species sometimes 
make whorls of three. This makes it appear that the second regulating factor is not 
one which tends to make two leaves of a whorl arise opposite to each other, but one 
which tends to equalize all the divergence angles in a whorl, whether they are two 
or more than two. There are therefore good grounds for considering that the 
regulating factors which adjust the levels and the horizontal angles are distinct, and 
are not merely two aspects of a single tendency to form regular whorls of two : for 
the decussate species do not seem to have exactly that tendency. The fact that these 
species normally have only two leaves in a whorl is probably due to junctional 
factors. As to how the regulating factors produce their effects, there is at present 
no adequate evidence. < 

I am indebted to my wife for performing more than half of the operations of 
which the results are here reported. 


6. Schoute’s theories of whorl formation 

Schoute (1922, 1925, 1936, 1938) has reached conclusions concerning whorled 
phyllotaxis of which some must here be discussed. He has reported many Interesting 
observations, though unfortunately they were all made on grown shoots, not on 
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bud sections, and his papers, especially the most recent one (1938), contain also 
many valuable and learned accounts and discussions of the opinions of other workers. 
They should be consulted for references. Schoute distinguishes between what he 
calls 'true 5 and ‘false 5 whorls (1936, pp. 670, 672; 1938, p. 500). The distinction 
which he draws amounts in effect to this, that ‘ true’ whorls, which he considers to be 
rare, unstable and transient, are those which can be explained by junctional factors 
alone, and ‘false 5 whorls are those which cannot. This being so, it would surely be 
better to call them junctional and non-junctional whorls: for plants make no state- 
ments, so why should they be accused of falsehood? Amongst the non-junctional 
or ‘false 5 whorls Schoute further distinguishes between what he calls ‘growth 5 
whorls and ‘binding 5 whorls. As examples of ‘growth 5 whorls he describes (1922) 
some lilies and umbellifers and a few species of other families, and concludes that 
their leaves arise in spiral sequence, but afterwards become associated into some- 
thing approaching whorls through uneven growth of the stem, which elongates in 
some zones and not in others. Nearly all other whorls he classifies as ‘binding 5 
whorls, and since this class, in which the whorls are usually quite exact, includes 
the whorls of Labiatae and other families with decussate phyllotaxis (1936, p. 678 ; 
1938, p. 416), it is his theory of ‘binding 5 whorls which must here be discussed. 
I his theory is the following. The leaves are supposed to be determined in spiral 
sequence, and this Schoute considers to be due to junctional factors (1936, p. 672), 
having himself previously proposed a junctional theory of phyllotaxis (1913). But 
later the leaves which are going to form the separate whorls become connected or 
bound together into separate cycles, either after or even before they become visible 
(1925, p. 129) by some process of unknown nature taking place within the stem 
(1:938, p. 416); and when the stem elongates these leaves are held together at the 
same level by the binding. Furthermore, since whorls of two leaves, and some whorls 
of higher numbers, are usually quite regular even when the leaves first arise, so far 
as the eye can judge, and alternate regularly, Schoute postulates three other regu- 
lating processes: that the divergence angles between the leaves are made equal 
through displacements of the leaves which occur after or even before they arise and 
are due to some process of ‘almost unknown nature 5 (1938, p. 434), that the sizes 
of the leaves of a whorl are somehow made equal (p. 446), and that the whorls are 
somehow made to alternate regularly (p. 444). Thus the binding is supposed to 
account only for one out of four regulating processes in the whorls named after it 
Another prominent feature of Schoute 5 s theory is that a spiral sequence of 
leaves is supposed to be present m principle, though invisible, and to run right 
through the whorled phyllotaxis. He claims to find indirect evidence for this spiral 
m various secondary phenomena, and from the spiral the whorls are supposed to 
be formed by the factors mentioned above. This part of his theory seems to the 
wx^r^cult tomatntain. For the supposed spiral sequences clearly con- 

h r; toju T io T factors ( 19361 p - ^ in ^ 

W “ (I ?T- Let us then consider a plant of a species 
wrth wliorltd T ’- f ° r Simphcit y one with decussate phyllotaxis in which 

rJirT* arC ab ° Ut t0 anse - Accordin g to Schoute these two leaves would arise 

Lm to aZaTthJamVl T V ^ whorf - f ™g Actors intervene and cause 
them to anse at the same level and opposite, and to be of equal size. Very well then 
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when these two leaves have arisen in this way, it is to be expected on junctional grounds 
alone that the next two leaves after them will arise as regular members of another 
whorl, alternating with the previous whorl of two: so how can any hidden spiral 
sequence based on junctional factors continue any longer? 

The hidden spiral could continue only if the position of a leaf were determined 
much earlier — at about the / 6 stage if the leaves are to be numbered singly along 
the supposed spiral. For then the leaves / 3 , / 4 and / 5 would be those of the cycle 
just below, of which the positions would determine the position of / (J ; and they 
themselves might not yet have been shifted into the regular whorled positions by 
Schoute 5 s regulating factors. But it is most improbable that leaves are determined 
anything like so early as this, since the evidence of many of our experiments, including 
many on decussate species, is quite opposed to it. Thus many of our experiments 
indicate that in decussate species even the Fs> are often scarcely determined, since 
their positions are often shifted by operations made not on them but on the Pjs 
(see, for example, Fig. 8). 

As to the numerous observations which Schoute offers as indirect evidence for 
a hidden spiral (1938), they do not seem to the writer decisive, though many of them 
are certainly interesting in other ways: but unfortunately it is not possible to 
discuss them briefly. In some species of Peperomia indeed, which appear to have 
whorls of leaves on the developed shoot, Schoute may have succeeded in tracing 
a spiral along the shoot (1925). But he does not report that he has looked to see 
whether in these species the leaves are in whorls when they arise. Very probably 
they are not, tor Goebel (1913) has drawn sections of buds of other species of 
Peperomia which are apparently whorled lower down the shoot, and in these the 
leaves appear to arise in rather irregular spiral sequences— certainly not in whorls. 
So from the observations on these plants it cannot be concluded that there is a 
hidden spiral in plants of other families, in which the leaves arise in regular whorls. 

But although Schoute’s theory of a hidden spiral in regularly whorled species 
seems untenable, it remains possible that these species may be able to regulate their 
phyllotaxis by equalizing the levels at which the leaves arise and the divergence 
angles between them, as Schoute believes that they can. Indeed, it has been shown 
in the present paper that species of Labiatae often do regulate their phyllotaxis in 
these ways after it has been disturbed by an operation, and presumably they often 
do so after other disturbances also, whether these are due to external or internal 
causes. So it must next be considered whether the equalization of the levels of 
leaves in these species may be due to binding, in some such way as Schoute proposes, 
and the argument by which he supports this idea must be examined. His argument 
is based on the well-known phenomenon of biastrepsis or forced torsion (1936, 
p. 674; 1938, p. 417). Biastreptic plants have violently twisted stems, and it is 
agreed that they are plants in which exceptionally the leaves have arisen in spiral 
sequence, though the plants belong to species which normally have whorled 
phyllotaxis. An explanation was offered in 1854 by Braun, quoted by De Vries 
(1892a, p. 332), and was supported by De Vries (1892a, b ). It is that in normal 
plants of these species the leaves of each whorl are somehow bound together, but 
the binding does not impede the growth of the stern. When, however, from unknown 
causes a plant of one of these species makes its leayes in spiral sequence, then the 
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binding continues without interruption, usually along the genetic spiral, and so 
forms a continuous spiral band. Consequently when the stem elongates the 
resistance of this band leads to a tangential force which twists the stem in the 
opposite direction to that of the spiral. The stem does, however, succeed in 
elongating, though less than is normal. 

bchoute s explanation (i 93 d > P- 674) is a little different. For since he believes that 
even in the normal plants of these whorled species the leaves are determined in spiral 
sequence, he is led to conclude that the primary difference in the biastreptic plants 
is that in them the binding proceeds continuously along a spiral (usually the genetic 
spiral), whereas in the normal plants it works intermittently, binding into a cycle 
or ring the leaves which are going to form a whorl and ceasing between the whorls. 
He thus believes that the binding which leads to biastrepsis is the same process as 
that which makes whorls (1938, p. 417), but differently directed. Common to both 
explanations is the conclusion that the cause of biastrepsis is the binding into a 

spiral band of leaves which arise in spiral sequence, however that binding mav 
originate. 6 J 

• Now the direct evidence for this conclusion is provided by some experiments of 
e Vries (1892a, p. 335; 18926, p. 408) who interrupted the biastreptic binding 
by making longitudinal cuts in the stem, and found afterwards that at the levels of 
these cuts no torsion developed. Since he made the cuts at a level a little way at 
least below the apical bud, the biastreptic binding had not yet produced 7 its 
effects above this level, and there are no grounds for thinking thaf any similar 
process takes place close to the stem apex and even above the youngest visible 
leaves where on fechoute’s theory the binding must be supposed toact in regularlv 
whorled species. At the most the biastreptic binding, so far as kls lt n^nt 

th”^ 3 ’ ° nIy Pr ° Vide a com P arison tendin S to support Schoute’s 

„ . B Jf d ° es 11 eve u ***** In biastre Ptic plants the stem does succeed in elongating 
and so increases the differences between the levels of successive leaves in spite of 

^ the , normal whorled Plants the binding might be more effective* 
since the leaves might, as on Schoute’s theory, be bound together in closed rintrs 
or cycles instead of a continuous spiral band. But still one would expect from com 
panson with biastrepsis that if from any cause the leaves in a cvcle 

leaves ofThe lS V / f r mCrease the diff erences of level between the 
all, i. tell, rather COmp “ SOn wi,h “““P* “ vlid at 

la ca^ y TiXlh 3 “r i ,r i ?' ,<:e “ “I-*— of levels 
lea,.. «... 12 rft '\ry. b = “ in some Frances a. 

leaves arise, as Schoute believes It ma Jai C f n SO caused even before the 
two leaves of a pair from becoming separated 6 ^ ** 1S ’ binding prevents 

them from becoming separated ^horLmt ll Vertl ^ a y ’ ^ bat does not also prevent 
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have led. The present evidence shows only that in the Labiatae these factors of 
unknown nature, one which tends to equalize the levels of neighbouring leaves and 
one which tends to equalize the angles between them, intervene often, though not 
always, so as to restore towards regularity a whorled system which has been upset 
by an operational cut. Presumably, therefore, they intervene so as to regularize 
whorled systems which have been upset in other ways also, but there is no reason 
for thinking that they act all the time. For when such a system is regularized, it is 
to be expected on junctional grounds alone that it will continue regularly, so long 
as no change occurs in any essential factor external or internal to upset it. 

As to Schoute’s third hypothesis, that there is a regulating factor which equalizes 
the sizes of the leaves of a whorl, this is not necessary, except to support his theory, 
nor is it true. For when the junctional conditions are such that the leaves of a 
whorl would not be expected to be equal in size, they actually are not equal, as is 
clear from the eleven examples mentioned in § 4, of which three are shown in Figs. 
9-1 1. The fourth factor regulating the alternation of whorls, which he postulates, 
is also unnecessary except to support his theory. 


7. Summary 

1. When stem apices of species of Labiatae are split longitudinally in a diagonal 
plane of the phyllotaxis, which is decussate (with alternating whorls of two), the 
apices regenerated from the halves sometimes form spiral phyllotaxis, but much 
more often they are or become decussate again or nearly so. 

2. The ways in which the apices return to decussation* after the splits are 
described and discussed, and it is concluded that after a disturbance the apices of 
the Labiatae can regulate their phyllotaxis towards decussation by means of two 
regulating factors which are of unknown nature and are presumably peculiar to 
whorled species — one which tends to equalize the levels at which leaves arise, thus 
forming whorls, and another which tends to equalize the divergence angles between 
the positions in which leaves of a whorl arise. 

3. Evidence is also offered showing that the regulating factors of the Labiatae 
act in combination with the ‘junctional* factors, by which term is meant the posi- 
tions, shapes and sizes of the leaves or other contact members immediately below 
the zone of the stem apex within which new leaves are being determined. In several 
instances the effects of the junctional factors were clearly revealed. 

4. After previous diagonal splits of decussate apices of Epilobium hirsutum we 
found spiral regenerated apices much more often (1935). In that species the apices 
have much less tendency to regulate their phyllotaxis towards decussation, and the 
junctional factors are correspondingly more effective. But it now seems to the 
writer probable that the first of the two regulating factors can work in that species 
also, though less strongly. 

5. Some criticisms by Schoute (1938) of our previous conclusions (1935) are 
answered in § 1 , and his own theory of the formation of whorls by binding is discussed 
and criticized in § 6. 
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A TWIN SEEDLING IN ZEA MAYS L. TWINNING 
IN THE GRAMINEAE 

By B. C. SHARMAN 

Department of Botany , University of Leeds 
(With Plate i and i figure in the text) 

Amongst some maize seedlings grown for class use, one was observed to have two 
embryos emerging from a single caryopsis (PL i A, B). Because its appearance 
immediately caused speculation as to the exact relationship of the embryos to each 
other, it was pickled and sectioned (Text-fig. i A-J). 

The two embryos appear to be completely separate except for the scutelium, 
which offers an interesting condition. At the top and bottom (Text-fig. i A, B, C 
and J) it is completely separated into two parts, each being quite normal in 
appearance. In the region of the union of the epicotyl (Text-fig. i D, E, F and G) 
it is entire but indented, the epidermis being infolded to a considerable degree. At 
one point (Text-fig. i H) there is absolutely no sign of any bisection. From the 
section illustrated in J in Text-fig. i, it appears that both radicles were originally 
enclosed in a single coleorhiza. Although the right-hand embryo is placed a little 
lower in the caryopsis (PL i A, and Text-fig. i A, E and G) the two appear to have 
been amazingly evenly balanced in their development and subsequent germination, 
and to have proved very well-matched rivals for the food supplies. Even as late in 
development as when photographed (PL i A) they were still practically mirror 
images. This even development, the way in which the scutelium seems to have 
arisen as an essentially single unit and the obvious singleness of the endosperm, 
testa and pericarp, suggest that the twinning arose early in the life history, probably 
being caused by longitudinal division or constriction of the more or less spherical 
mass of cells constituting the 'pro-embryo’ stage of Soueges (1924). 

There appears to be only a very limited literature bearing on the structure of 
twin seedlings in grasses. Kempton (1913) deals with a number of maize caryopses 
which have obviously arisen from two ovaries showing various degrees of 'fusion’. 
In extreme cases he shows examples of caryopses bearing embryos 'back to back’ 
so that a germ appears on both sides of the grain. These have come from a single 
spikelet having two flowers, one of which is normally aborted but can, as on this 
occasion, be fertile. He thinks of his grains as resulting from the fusion of the two 
ovaries after fertilization, but his illustrations, even of the mature caryopses, would 
suggest that the union, if such it ever is, has arisen much earlier. He concluded, 
however, that ' the development of the two ovaries in one spikelet must be simul- 
taneous, as a large number of cases have been found where the two seeds from one 
spikelet have grown together with a single pericarp. These connate seeds had been 
fertilized through a double silk which was attached to the pericarp near the union 
of the two seeds. Connate seeds are a distinct phenomenon from single seeds with 
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a double embryo, two of which have been seen/ One of his photographs shows 
a caryopsis with two embryos growing out side by side in the same manner as the 
seedling described above. His example, however, is very deformed (probably 
through the way the caryopsis was lying when it germinated), and while left in the 
greenhouse to develop further, was eaten by a pest before it could be properly 
examined. . . 

Blaringhem (1920) described a strain of maize (called by him Zea Mays var. 
polysperma) in which many double and sometimes triple grains developed. Stratton 
(1923) examined this variety developmentally and showed that the double grains 
arose from two ‘ coalesced flowers, the two flowers of the spikelet being fertile and 
developing, from the inception, in various degrees of ‘fusion’. She describes 
connate and semi-connate grains, the former being kernels with the two embryos 
on opposite sides of the grain, arranged back to back and enclosed in a common 
pericarp formed from the coalesced ovaries of the two flowers. She states that in 
all the cases she examined the connate grains possessed two stigmas, which, how- 
ever, were often close together and could only be seen as two entities with the aid 
of a lens. The semi-connate grains showed various degrees of fusion and were 
‘ caryopses with the two seeds less coalesced than in the connate type, the pericarp 
extending more or less between them’. 

Jenkin (1931), when discussing grass breeding, remarks that twin seedlings 
occur frequently, and warns the breeder to watch for them, since the two plants 
arising have different characters; this suggests that he is dealing with a different 
type of twin from that described for Zea . 

Bledsoe (1929) describes double and triple kernels in florets of rye and wheat 
crosses, but in all cases his appear to be multiple caryopses arising from* multiple 
ovaries, some of which are shown from dissections of flowers. 

Nishimura (1922-3) states that in Poa pratensis and Agrostis alba numerous 
examples were found ‘where two embryos appeared. These embryos were more 
commonly placed side by side but in some instances one of the embryos would 
occupy an oblique position to the median plane of the grain.’ He also observed 
a number of triplets in Poa pratensis , one of which he illustrates: here each embryo 
apparently was quite normal and possessed its own scutellum. 

For Poa pratensis he describes the following seedlings: (1) two plumules with 
only one radicle; (2) two plumules in a single coleoptile with two radicles in a single 
coleorhiza (illustrated); (3) two plumules each with its own coleoptile, radicle 
and coleorhiza. In Poa he suggests that the polyembryony is connected with the 
massive suspensor and illustrates sections showing bud-like outgrowths on this as 
well as from the nucellus. 

He also states that in a seedling of corn (i.e. Zea) he observed a germinating 
caryopsis with ‘two normal embryos, each with its coleoptile, scutellum, coleorhiza 
and root’ (the italics are not in the original). 

By far the most significant reference to twin grass embryos is that of Randolph 
(1936) who, in discussing the development of the maize embryo, states: ‘Another 
type of anomalous kernel development is represented by paired or twin embryos 
arranged side by side in an otherwise normal kernel. Such grains are found not 
infrequently in different stocks of maize, and the normal frequency of occurrence 
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of this type of twinning is markedly increased by X-ray treatment. Since the 
pericarp and endosperm of these grains show no evidence of doubleness, the twin 
embryos presumably arise from a single embryo sac. Twin embryo sacs would be 
expected to produce twin endosperms as well as twin embryos. Furthermore, the 
twin plants produced by these kernels ordinarily are genetically identical, even in 
extremely heterozygous stocks, which indicates that they arise from a single zygote, 
presumably by a division of the entire embryo or of that portion of it from which' 
the plant develops, at some relatively early stage in ontogeny. Seedlings with two 
plumules and a single primary seminal root undoubtedly owe their origin to an 
incomplete separation of the embryo into two parts, a separation which involves 
only the portion which forms the plumule meristem.’ 

Four other fairly recent papers dealing with twinning in grass seedlings were 
, traced, but all, however, are concerned with the occurrence of haploid, triploid and 

tetraploid plants amongst such pairs, and in none are there any observations on the 
anatomy of the caryopses from which the seedlings have arisen, so that the origin 
of the tw r o embryos must remain obscure. ° 



Ramih, Parthasarthi & Ramanujam (1933) found a large number of twin seedlings 
in Oryza sativa. In one pure line the twin seedlings were as high as o-i %. One 
plant was found to be a haploid, all the rest being normal diploids. 

Namikawa & Kawakami (1934) found that twin seedlings occurred at the rate 
of about 0-05 % in common wheat. Of the twin plants, about a third had one of 
the twins with abnormal chromosome numbers. 

Miintzing (1937, 1938) reported twin seedlings from fourteen species of 
Gramineae as well as from Trifolium repens and Solanum tuberosum. Out of 2189 
twin seedlings examined, ten had abnoi*mal chromosome numbers in one of the 
twins. In two sets of Lolium perenne twins, both the embryos had the 3 n chromo- 
some number. In Phleum pratense, he mentions two sets of triplets all the emhrvo* 
of which had zn chromosome numbers. tmoryos 

Unfortunately, these papers were not seen until after the maize twin had been 
fixed, which was done in a vacuome fixative: Attempts were made to observe the 
chromosomes in the root tips, but with no success. However, the shoot apices were 
sectioned, and here the nuclei, the cells and the whole apices were similar to each 
other in size, and were of the same dimensions as those observed in normal shoots 
These observations, together with the obvious equality of the two embryos would 
suggest that both were identical and were normal plants with the normal zn number 




A. The twin maize seedlings. B. Part of A enlarged, showing the 
emerging embryos. E.L . , R.L. epicotyl and radicle of left embryo; i 
of right embryo; C, split single coleorhiza. 
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A SIX-STAMENED FLOWER IN ZEA MAYS L. 

By B. C. SHARMAN 

Department of Botany , University of Leeds 
(With z figures in the text) 

During the examination of the tassel of a maize plant, a number of flowers were 
found with more than the usual three stamens. They fell into the following classes: 

(1) A number with two separate stamens plus two stamens with a joint filament, 
making four anthers in all. 

(2) A considerable number with four distinct stamens. 

(3) Some with three separate stamens plus two ‘ double* stamens, each made 
up of two anthers with a joint filament, making five anthers in all. 

(4) Some with four separate stamens plus two anthers with a joint filament, 
making six anthers in all. 

(5) A few with five separate stamens. 

(6) A single specimen with six separate stamens. 

This last seemed so interesting that it was decided to section it in order to obtain 
an insight into its morphology. The flower, which completely occupied a normally 
two-flowered spikelet, was fully open when found and showed two glumes, inside 
which, were two more bracts, presumably lemmas. At right angles to the plane of 
the glumes and lemmas was a pair of membranous structures, which were followed 
by the six stamens, all six of which arose at the same level and obviously came off 
the same common tissue. 

The sections illustrated in Fig. 1 a-dshow the relationship of the parts at different 
levels. Each figure is based on two or three sections in order to compress the stages 
into as few figures as possible. Fig. 1 a is taken just above the separation of the 
glumes and shows the next two bracts, marked Y' and Y\ beginning to separate from 
the rachis: the one on the left will have three bundles, while that on the right is 
provided with four. In the periphery of the rachis will be seen four separate strands : 
a pair of which lead to each of the structures placed at right angles to the plane of 
the glumes and lemmas, and marked X ' and X u in Fig. 1 c , d . The remaining 
vascular tissue, shown shaded in Fig. 1 a, is composed of two masses which higher 
up provide the strands for the six stamens and four lodicules, and even at the level 
of Fig. 1 a are beginning to be organized into separate patches. 

Fig, 1 c shows the way in which the six stamens are all inserted on the axis in 
a ring at the same level. A small piece of tissue, marked Z, appears in two sections 
(total height, 12 p). Other than this there is no suggestion of a continuation of the 
rachis; nor are there any central bundles which might run to any supposedly 
* suppressed* parts. Fig. 1 d shows the appearance above the separation of the 
structures X' md X\ the four lodicules and the six stamens. The bases of the fila- 
ments of two sets of two stamens will be seen to be still slightly fused at this level, 
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but immediately above this they are completely free. Fig. 2 «, for comparison, 
illustrates the relationship of the parts of the two flowers in a normal spikelet. 

Although the abnormal flower, as its internal structure shows, is definitely a 
single structure, it can perhaps best be considered morphologically as being the 
result of the coalescence of two flowers ‘fused back to back’. Normally the spikelets 
are two-flowered (Fig. 2 a), the spikelet axis ceasing growth early after the production 
of the second lateral floret 1 bud and usually not being traceable above this level 
in the adult spikelet. This condition is illustrated diagrammatically in Fig. 2 d. 



l; /f Transverse sections through the six-stamened male flower of Zea . G\ G\ glumes 1 and 2; 
1 > lemmas 1 and 2; X\ X'\ paiea-like structures; a\ b' and a"> b'\ vascular bundles for X' 

and A ; Xo bundles for lodicules; Z* small mass of tissue only 12/x high which perhaps may be 
regarded as being the continuation of the rachis ; F, filaments of the six stamens. 

Occasionally the rachis apex continues actively longer than usual and three lemmas 
are produced, each having an axillary bud, giving rise to a three-flowered spikelet 
in the adult, a condition which is illustrated diagrammatically in Fig. 2 e. On the 
other hand, an early cessation of activity leads to the production of a single, pseudo- 
terminal flower in the spikelet as figured by Malpighi (Arber, 1934) and repre- 
sented diagrammatically in Fig. 2 b. In the six-stamened flower described above, 
presumably the growth of the spikelet axis ceased rather earlier than usual, so that 
when the two axillary floret buds developed in the axils of the lemmas, they were 

* * , The term * floret ’ is use< ? here and be,ow *? cover that which develops in the axil of the lemma, 

i.e. the flower proper (essential organs and perianth as represented by the lodicules) plus the palea 
or prophyll of the axis on which the flower is born. 

9-2 
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free to occupy a more central position than usual, with the consequence that both 
grew up together as a single, massive, probably slightly indented, meristem. On this 
arose the two bracts X f and X\ each perhaps being initiated from two points but 
growing up as a single unit by the rapid lateral spread of the initiation, leading to 
a complete absence of any doubleness in the appearance of the adult structure. 
Fig, 2 c is a diagrammatic illustration of this spikelet for comparison with the single, 
normal and three-flowered spikelets shown in Fig. zb, d and e respectively. 

This curious single-flowered spikelet parallels a similar phenomenon reported 
by Kempton (1913) and Stratton (1923) for the female inflorescence. In the cob 
the spikelets are also two-flowered; usually the lower one is aborted and only the 


Fig. 2. a, Diagrammatic transverse section of normal two-flowered male spikelet. b, d and <2, 
Diagrammatic representations of single-flowered, normal two-flowered and three-flowered spikelets. 
c, Ditto of the flower and spikelet illustrated in Fig. 1. G', G\ glumes 1 and 2; L', L\ lemmas 

\rJ n< L?’ r 1 2; lodicu * e s; F, filaments; R, imaginary continuation of rachis; 

A ? A and Y , Y , parts which are labelled similarly in Fig. 1. 

upper one is fertile, though in certain strains (e.g. Country Gentleman) both may 
develop normally. In a strain grown by the Hopi Indians of Arizona and in a 
hybrid derived from varieties from China, Salvador and Mexico, Kempton observed 
what he termed connate 5 grains— single large grains caused by the back-to-back 
fusion of two embryos and their endosperms, so that a germ appears on each side 
of the grain. He concludes that 4 The development of two ovaries in one spikelet 
must be simultaneous, as a large number of cases have been found where the two 
seeds from one spikelet have grown together with a single pericarp 5 , but his illus- 
trations of the mature caryopses suggest that there never has been any actual 

fusion , but rather that the connate grains have arisen from single massive two- 

ovuled ovaries. 
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Blaringhem (1920) described as Zea Mays var. polysperma a strain of maize in 
which many double grains developed. This variety was examined by Stratton (1923), 
who showed that the double kernels arose from coalesced flowers, in which both 
of the flowers of the spikelet were fertile and had developed from the time of their 
inception in various degrees of ‘fusion 5 . Her figures leave little doubt that this was 
brought about by the early discontinuance of the spikelet axis, allowing the two 
laterally developing floret buds to occupy a more central position than usual, and 
thus grow up as a single two-ovuled unit. 

Thus the six-stamened male flower described above is to be regarded as a single 
flower, probably developed from a single massive apex formed from two lateral 
buds originating close to each other. Morphologically it can be regarded as being 
composed of two florets ‘coalesced back to back 5 . 
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THE INTERRELATIONS AND CLASSIFICATION OF 
THE MYXOPHYCEAE (CYANOPHYCEAE) 


By F. E. FRITSCH 

Department of Botany, Queen Mary College, University of London 
(With 5 figures in the text) 

The blue-green algae have long been classed in the three orders Chroococcales, 
Chamaesiphonales, and Hormogoneales. The first of these, especially the series 
of closely interrelated palmelloid types ( Chroococcus , Gloeocapsa, Aphanocapsa, 
etc.) that constitute the bulk of the order, represents a relatively homogeneous 
group, but this cannot be said of the other two orders. The appreciable additions 
to our knowledge of the Algae classed as Chamaesiphonales made during the last 
twenty years show clearly that they include two distinct series of forms, viz. a group 
of uni- to multicellular epiphytes for which I propose to retain the name Chamae- 
siphonales, and a striking series of heterotrichous epiphytes or lithophytes for which 
the name Pleurocapsales is suggested. In habit these two orders are essentially 
different. The Chamaesiphonales appear to be closely allied to the Chroococcales 
and probably represent an offshoot from the same line of evolution. The affinities 
of the Pleurocapsales are more difficult to determine. The Hormogoneales, dis- 
tinguished by their filamentous organization and the customary reproduction by 
means of hormogones, also comprise two sets of forms (Nostocales, Stigonematales) 
differing in fundamental construction. 

Chamaesiphonales 

These, in their simplest representatives, differ from the Chroococcales chiefly in 
the polarity of the individual cells. The Common marine epiphyte Dermocarpa 
(Bomet & Thuret, 1880, p. 74) probably includes among its many species some of 
the most primitive members of the order. In D. prasina and others the protoplast 
of the mature individual divides successively and along three planes into numerous 
small bodies (big. i A, e) which, after acquiring membranes of their own, are 
liberated as so-called endospores (Geitler, 1925 b, p. 203), in the past often referred 
to as gomdia. I he endospores are comparable to the aplanospores of other Algae 
and, so far as present evidence goes, germinate immediately and are not capable 
ol passing through a resting period. According to Setchell & Gardner (iqiq p. 28) 
endospore formation takes place simultaneously in certain species of Dermocarpa. 

A similar method of propagation occurs in diverse Chroococcales, although 
.ici er (1925 a, P- 359 ) speaks of this as ‘ nannocyte-formation ’ and endeavours 

Sir “ ‘ ‘“"'T S! w "" il “ d ^production by endospores found in 
Dtmocarpa and other Chamaesiphonales. The only difference that emerges, how- 

rx ™ 7"“" ” rmi : i0n ,' in is on our present W led^e 

.dthcr rate phenomenon and, when it occurs, usually affects numerous cells of 
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a stratum, whereas endospore formation commonly takes place only in certain 
cells; differences in reproductive potentiality between adjacent cells are, however, 
widespread among Algae. The phenomena themselves appear to be altogether 
identical in the two instances (cf. Fig. 1 G~K). The distinction is quite arbitrary, 
and in the following all such examples of the formation of ‘monocytes’ are classed 
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Fig. 1. Chamaesiphonai.es, A, Dermocarpa prasina (Reinsch) Born. & Thur. B-E, D. incrassata 
(Lemm.) Geitl.; B, vegetative individual; C, first division; D, endospore formation in upper 
portion ; E, dehiscence and enlargement: of lower sterile portion. F, D, suffulta Setch. & Gardn. 
G, H, Chroococcus gelatinosus (Geitl.), vegetative cells and endospore formation. I, J, Chroo- 
coccidiopsis thermalis Geitl., ditto. K, A phanothece caldariorum P. Rkht., vegetative individuals 
(at top) and endospore formation. L, Chamaesiphon polymorphus Geitl., colony showing endospore 
formation. M, C. curvatm Nordst. N, Dermocarpa protea Setch. & Gardn. O, D. sphaerka Setch. 
& Gardn. e, endospores; ex, exospores; s, sterile portion of individual, (A after Bornet & Thuret; 
B-E after Lemmermann ; F, N, O after Setchell & Gardner; M after Fritsch; the rest after Geitler.} 

as endospores. Among Chroococcales these have been recorded in Gloeocapsa 
(Wille, 1906), Aphanothece (Geitler, 1922; cf. Fig. 1 K, e), Microcystis (Carmabaeus, 
1929, p. 33), and Chlorogloea (Geitler, 19250, p. 359). Moreover, they occur also 
in, Chroococcus . Geitler (1935, p. 386) describes from Sumatra a genus Chroo- 
coccidium which is really nothing else than a Chroococcus multiplying by endospores 
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formed in occasional ceils (Fig. i G, H, e). It is difficult to find a valid reason for 
not including this alga in the genus Chroococcus, and there is certainly no basis 
for the distinction of a separate family. A further genus, Chroococcidiopsis (Geitler, 
1935, p. 391), shows similar endospore formation, but lacks the mucilage envelope 
of a Chroococcus and so far the vegetative division typical of the latter genus has 
not been observed (Fig. x I, J). Whatever be its generic status, it must be regarded 
as a member of the Chroococcaceae. 

Certain Dermocarpas have practically spherical cells (e.g. D. sphaerica Setch. 
& Gardn., Fig. 1 0 ) and these differ from Chroococcidiopsis (Fig. 1 I) only in their 
epiphytic habit and from Chroococcus { Chroococcidium ) gelatinosus in thd lack of 
vegetative division and of an offstanding mucilage envelope. These various forms 
indicate the close affinity between Chroococcales and Chamaesiphonales. The 
simpler members of the latter may in fact be regarded as chroococcoid forms that 
have assumed an epiphytic mode of life, resulting in a polar differentiation which 
finds its expression in basal attachment and apical dehiscence of the fertile indi- 
vidual. Diverse Dermocarpas, moreover, agree with Chroococcus in exhibiting what 



is tantamount to a vegetative division. In Dermocarpa incrassata (Fig. 1 B-D), 
for example, the first transverse division of the protoplast results in the delimitation 
of a sterile lower (s) from an upper portion which alone segments to form endo- 
spores (e). After their liberation the remaining half-protoplast enlarges, secretes 
a new membrane (Fig. x E, s), and the same sequence of events is repeated. 
D. Leibleinii (Reinsch.) Born. & Thur. sometimes behaves like D. prasina and 
sometimes like D. incrassata, while in D. suffulta (Gardner, 1918, p. 440) the lower 
portion is cut off as a permanently sterile stalk (Fig. 1 F, s). 

The characteristic method of spore formation in Chamaesiphon is probably to 
be related to that shown in the species of Dermocarpa just considered (cf. also 
Geitler, 19256, p. 205). After reaching a certain size the membrane (probably the 
cell sheath, Fritsch, 1905, p. 198) of the Chamaesiphon cell ruptures apically and 
the exposed protoplast, probably still enclosed in the inner investment, abstricts 
a series of spherical exospores (Geitler, 19256, p. 209) successively from its tip 
(Fig. 1 M), much as conidia are produced in many Fungi. The greater part of the 
ruptured membrane remains as a cup-shaped or cylindrical' envelope around the 
protoplast. The lower portion of the individual elongates continuously and, while 
usually remaining short, may in some species (C. macer Geitler, 1925a, p. 331) 
attain to considerable length. The process of spore formation in Chamaesiphon 
differs essentially only from that seen in Dermocarpas, like D. incrassata, in the fact 
that the upper fertile portion here gives rise to but a single spore. It can be 
interpreted as a variant of the method of endospore formation found in the latter 
genus. Some species of Chamaesiphon occasionally show endospore formation fcf. 
Fig. 1 L, e). 

While therefore Dermocarpa and Chamaesiphon are readily derivable along 
divergent lines from types like the simple Chroococcales, certain species of the 
former appear to indicate yet another line of advance. Where the cells are elongate 
(as in Dermocarpa protea Setch. & Gardn., Gardner, 1918, p. 456) there may be 
a number of transverse divisions of the protoplast (Fig. 1 N, *) before segmenta- 
tion sets in in other planes. The freshwater epiphyte Clastidium forms its endo- 
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spores in a single row by transverse division only (Fig. 2 G); in C. rivulare Hansg. 
they are, as in Dermocarpa incrassata , commonly formed only by the upper half of 
the protoplast (Geitler, 1932, p. 410). During the formation of endospores the 
cell continues to lengthen, and this feature is more marked in the closely related 
Stichosiphon (Qeitler, 1932, p. 41 1; 1935, p. 392; Rao, 1935) where the older indi- 
viduals may acquire an appreciable length and become transversely segmented 
into a more or less elongate row of endospores (Fig. 2 A) which are ultimately 


Fig. 2. Chamaesiphonales. A, Stichosiphon regularis Geitl, two individuals, that on the right 
dehiscent. B, C, H, Endonema moniliforme Pascher; B, filament; C, cell-division and formation of 
few endospores; H, formation of many endospores. D~F, I, J, Siphononema polonicum Geitl. ; 
D, juvenile stage; E, early stage of endospore formation; F, older individual, formation of cell- 
packets; I, outgrowth of individual cells of same; J, small part of an older individual showing two 
places : "at ''.which exospores have been' liberated. G, Clastidium setigerum Kirchn. e, endospores; 
ex, exospore; v, basal cell (B, C, H after Pascher; G after Kirchner; the rest after Geitler.) 


liberated by apical gelatinization of the membrane. The basal part of the protoplast 
(^) is apparently usually retained. The species of Stichosiphon approximate closely 
to those species of Chamaesiphon (cf. C. polymorphus Geitler, 1925 a, p, 329), which 
at times produce endospores (Fig. 1 L). 

It may well be that the peculiar genus Endonema (Pascher, 1929; cf. Fig. 2 B), 
as yet only recorded from Bohemia, represents a further development of the habit 
seen in Stichosiphon , the species of which merit fuller study than they have received. 
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Although the cells of Endonema commonly produce considerable numbers of endo- 
spores (Fig. 2 H, e), there are frequently only two (Fig. 2 C, e); it is by retention 
of such pairs of endospores that cell-division is accomplished and the multicellular 
filamentous habit is attained (Fig. 2 C, below). 

The remarkably polymorphic Siphononema (Geitler, 1925 a, p. 322) probably also 
belongs here. The continuously elongating juvenile individuals (Fig. 2 D) exhibit 
progressive formation of endospores (Fig. 2 E), which remain in situ and sooner 
or fater divide along three planes to form Gloeocapsa-Yike packets of cells with 
stratified orange or reddish mucilage-envelopes (Fig. 2 F) ; these may be set free 
by apical breakdown of the surrounding membrane of the original individual. 
Certain cells of the packets may elongate and form endospores like the juvenile 
stage (Fig. 2 I, e), while others produce exospores (Fig. 2 F, ex) in the same way 
as in a Ckamaesiphon. This striking form appears as an elaboration of the condition 
realized in Stichosiphon, but it is complicated by the production of Gloeocapsa- 
stages; the occasional formation of exospores indicates the close relation between 
them and the endospores. 



Pleurocapsales 

The members of this order, which have hitherto been classed with Chamae- 
siphonales on so inadequate a basis as the joint possession of endospores, have no 
other morphological features in common with that order. Geitler (1932, p. 94) 
suggests that the Entophysalidaceae ( Etitophysalis , Placoma, etc.) among Chroo- 
coccales, which afford indications of a filamentous tendency, may illustrate the 
mode of origin of the Pleurocapsales. The typical members of the latter are, 
however, very clearly heterotrichous in habit, with a juvenile stage represented 
solely by a prostrate filamentous growth. There is no evidence of such a habit 
among Entophysalidaceae, and the mode of derivation of the Pleurocapsales, possibly 
from Chroococcales, like that of other heterotrichous forms at present re mains 
obscure. 

In the more typical Pleurocapsales the heterotrichous habit results in the forma- 
tion of crusts ( Radaisia , Sauvageau, 1895; Fig. 3 0 ) or hemispherical cushions 
( Oncobyrsa , Geitler, 1925 a, p. 350; Fritsch, 1929, p. 185; Fig. 3 M) of microscopic 
dimensions or of extensive growths visible to the naked eye ( Pleurocapsa ) ; all the 
genera mentioned are frequent marine or freshwater epiphytes or lithophytes. The 
only species of Pleurocapsa that has been adequately studied is P. minor (Geitler, 
1925 a, p. 343). At first the individual consists of a simple thread (Fig. 3 A) 
creeping over the substratum, but branching results in the formation of a pseudo- 
parenchymatous prostrate system (Fig. 3 B, C) and development may remain per- 
manently arrested at this stage. As a general rule, however, densely aggregated, 
and occasionally branched, erect threads arise from this basal system (Fig. 3 D) 
so that a crust is formed. Growth seems to be apical throughout. The cells of the 
erect system may segment along three planes or divide obliquely, whereby the 
filamentous construction becomes obscured. Several of the species of Pleurocapsa 
listed by Geitler (1932, p. 346) would seem to have essentially the same structure 
(e.g. P. fluviatilis, P, aurantiaca, P. minuta), but others are not so evidently fila- 
mentous and it is possible that some of these are really members of Chroococcales. 



A~D, F, Pleurocapsa minor (Hansg.) Geitl.; A-C, stages in development of 
irtical section of older crust showing branching of erect threads ; F, a few 
>spores. E, Kenococcus Kerneri Hansg., vertical section of a small crust. 
rgianum Erceg. H, J L, Hyella caespitosa Born. & Flah. ; H, superficial (h) 
(/>); j, K, part of surface system with sporangia (.?); L, germinating spores. 
•laris Katz, emend. Geitl.; I, vertical section of cushion; M, ditto at a lower 
1 stratum. O, Radaism Gomontiam Sauv. P, Xenocoecm ekrmeoceaides 
■atum, Q, Ckroococcopsis gigantea Geitl. h, prostrate and e f erect systems; 
/t rating threads; s f sporangia. (G after Krcegovic; H, J-L after Hornet; 
iter Fritsch; the rest after GeitJer.) 
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Oncobyrsa (Fig. 3 I, N) and Radaisia (Fig. 3 0 ) show a similar structure to 
that described for Pleurocapsa, but the filaments of the erect system are often 
more clearly defined. Endospore formation has only been observed in Pleurocapsa 
(Fig. 3 F, en) and Radaisia (Fig. 3 O), in the former in terminal or more rarely 
intercalary cells, in the latter within much enlarged terminal sporangia ( s ). 

In other epiphytic Pleurocapsaceae the filamentous character is frequently far 
less well defined. Thus, in Xenococcus (Bomet & Thuret, 1880, p. 75; feebler, 
1925 a, p. 348), with both fresh-water and marine species, the plants are often 



represented solely by a pseudoparenchymatous basal stratum without any obvious 
filamentous structure, although its cells may bear short upright forked threads 
compacted to form a crust (Fig. 3 E, P), giving a habit much like that of an Onco- 
byrsa. In certain species the cells of the basal stratum may be only loosely associated 
so that the alga presents a colonial, rather than a filamentous, aspect. The tendency 
to depart from a filamentous construction is paralleled in other heterotrichous 
series (cf. Pleurastrum among Chaetophorales). It is more marked in Chroococcopsis 
(Geitler, 1925 a, p. 342) in which the cells are aggregated in compact groups 
(F’g- 3 Q) and only very occasionally form short rows. This is probably a specialized 
type, never producing an erect system, and parallel to such a form as Pleurococcus 
among Chaetophorales. 

All Pleurocapsaceae that have so far become known, therefore, exhibit that 
development of heterotrichy that results in the formation of crusts, and among 
these there is a marked tendency towards scanty production or elimination of the 
erect system. The type exemplified by the heterotrichous filament seems to be 
lacking. On the other hand, there is an interesting series of endolithic forms which 
are parallel to the Gomontieae among Chaetophorales. The best known of these is 
Hyella (Bornet & Flahault, 1888; 1889, p. clxv; Huber & Jadin, 1892; Chodat, 
1898, p. 446), the species of which are widespread members of the perforating 
community inhabiting diverse calcareous substrata. The thallus (Fig. 3 H) is differ- 
entiated into a first-formed prostrate system (b), spreading over the substratum or 
living within the peripheral layers of the latter, and a system of perforating rhizoid- 
like filaments (p). Sporangia (Fig. 3 J, K, s), often of large size, develop from 
intercalary or terminal cells of the prostrate system. Ercegovic (1929, 1930) has 
described, from dolomitic or other calcareous rocks of the Dalmatian coast, a 
number of other endolithic genera which present many points of resemblance to 
Hyella and are evidently widespread in the Mediterranean (Berner, 1931, p. 55; 
Fr^my, 1934); according to some opinions (Nadson, 1932, p. 843) they are but 
forms of H. caespitosa. In Scopulonema the two systems of threads are much alike 
(Fig. 3 G), but the cells of the epilithic ones ( b ) soon divide in all directions. The 
basal system of Pleurocapsa minor occasionally produces on its under side short 
filaments which penetrate into calcareous substrata, and this perhaps gives the 
key to the origin of forms like Hyella. 

The Hormogoneae 

The heterogeneous assemblage of filamentous types included in the Hormo- 
goneae of Thuret (1875) naturally falls into two distinct morphological series, the 
Nostocales and Stigonematales of Geitler (19256; cf. also Elenkin, 1916). The 
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distinction, primarily founded on the method of branching, is, on the basis of 
comparison with other classes of Algae, seen to be more profound and therefore, 
although Geitler (1932, p. 105) subsequently abandoned it, I am of the opinion 
that it should be retained. 

Nostocales 

The only characteristic common to the diverse families of this order is the 
multiplication by hormogonia, although all are filamentous forms of a relatively 
simple morphological type. The unit of construction is the trichome, a row of 
undifferentiated and, except in many Nostocaceae, commonly fiat cells, separated 
from one another by septa which are composed only of the often thin inner invest- 
ment of the cell; the latter is firmly connected with the underlying cytoplasm 
(Cholnoky, 1937, p. 257). If, as is commonly believed (Fritsch, 1905, p. 196; 
Muhldorf, 1935, p. 170; 1937, p. 226; 1938, p. 17), the inner investment is but a 
slightly modified plasmatic membrane, there may be essential protoplasmic con- 
tinuity between cell and cell. In this sense the thread of an Oscillatoria or other 
similar member of Nostocales can be interpreted as an imperfectly septate deriva- 
tion of a unicellular individual (Crow, 1922, p. 85; 1928). The continuity of the 
trichomes is interrupted by the death of occasional cells (concave cells, separation 
disks), as well as by the production of heterocysts which are found in most Hormo- 
goneae, apart from the Oscillatoriaceae. The mucilage investments which are 
probably always present, though varying greatly in consistency and commonly 
taking the form of a firm sheath (Fig. 4 A, B), are no doubt the direct homologues 
of the envelopes of the Chroococcales. A direct derivation of the diverse Nostocales 
from unicellular forms of this type may be assumed. 

The Oscillatoriaceae and Nostocaceae are characterized by their unhranched 
filaments with diffuse growth, the latter also by the presence of heterocysts and 
the frequent production of akinetes. The Rivulariaceae and Scytonemataceae, on 
the other hand, are distinguished by their false branching (Fig. 4 A, B), the former 
also by the tapering of the trichomes which often terminate in a hair (Fig. 4 D) 
and the probable frequent occurrence of trichothallic growth by contrast to the 
essentially apical growth of Scytonemataceae. The latter family is. probably closely 
related to the type of Oscillatoriaceae represented by the Lyngbyas which occa- 
sionally show false branching (Geitler, 1932, p. 680; 1933, p. 472), a feature also 
met with in the OsciJlatoriaceous genera Symploca and Porphyrosiphon. This ten- 
dency towards false branching among the non-heterocystous Oscillatoriaceae cul- 
minates in Plectonema (Fig. 4 A), which is to all intents and purposes a Scytonema 
devoid of heterocysts. 

The false branching of Myxophyceae is a process of rejuvenation at certain 
places within the trichomes and shows many points of parallel with the formation 
of hormogonia. Both processes are initiated by the dying away of one or more 
intercalary cells leading to a severance of the trichomes (Bharadwaja, 1933). 
Hormogonia among Scytonemataceae are mostly formed at the ends of the fila- 
ments and, being free at either extremity, their liberation from the enveloping 
sheath is possible. In the case of false branches, however, only one end of the 
segment, namely that which grows out into the branch, is free. False branching 
may thus be regarded as a germination of intercalary hormogonia in situ. 
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they exhibit their greatest development in warmer climates. Many species are 
terrestrial. 

The heterotrichous habit is plainly recognizable in several, unfortunately rare 
and little known, genera (Pulvinulariaceae) which appear to represent the more 
primitive forms. Pulvinularia (Borzi, 1916, p. 574), an epiphyte on. Fontinalis as 


Fig, 4.. A, Pkctonema Tomasimanum Born., false branching. B, Scytonema ocellatum Lyngb., ditto. 
C/E, F, Pulvinularia sitecica Borzi; C\ young stages; E, prostrate system; F, older plant in profile, 
showing ' hormogone ■ formation. D, Homaeofhrix juliana (Menegh.) Kirchn. G,-: Hyphomorpha 
Antillarum Borzi. H, Capsosira Brehissonii Kutz., basal part of a plant, with endophytic prostrate 
system. b, prostrate and e, erect system; h, heterocyst; ho, hormogonia. (A after Barnet; B and D 
after Fremv ; the rest after Borzi.) 


yet only recorded from Sweden, has the same habit as Oncobyna. The first-formed 
liasal system, originating from the germinating hormogones (Fig. 4 C), is a one- 
layered disk composed of fused threads radiating from a central point (Fig. 4 E). 
From it there later arise numerous erect threads (Fig. 4 F) which are laterally 
concrescent, the whole forming a small rounded cushion. In Hyphomorpha (Borzi, 
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1916, p. 582), an epiphyte on a tropical Tnchocolea, there is only the prostrate 
system (Fig. 4 G); the older threads, as in so many Myxophyceae, tend to become 
resolved into chroococcoid groups. 1 A third genus, Loriella (Borzi, 1892, p. 44; 
1916, p. 570), so far only observed on human skulls from Papua, is stated to be 
entirely erect-growing, but the existence of an evanescent basal system is not out 
of the" question. The three genera are distinguished by the forked branching of 
the erect threads when these are present. 

Well-marked heterotrichy is also seen among Capsosiraceae in Stauromatonema 
(Fremy, 1929, p. 385; Geitler, 1935, p. 41 1), the species of which form flat crusts 



Fig. 5 . A, Stauromatonema nigrum Fr&ny. B, Hapalosiphon hibernicus W. & G. S. West. 

6 , prostrate and e , erect systems; h, heterocyst. (After Fr&ny.) 

on rocks in tropical fresh waters. The first-formed part of the thallus is a pseudo- 
parenchymatous stratum composed of contorted threads, while the numerous 
closely approximated erect threads show occasional lateral branching (Fig. 5 A). 
One species lacks heterocysts. In Capsosira (Borzi, 19x7, p. 23; Fremy, 1930, 
p. 383) the basal system (Fig. 4 H, b) usually ramifies among the substance of the 
substratum (other water plants, dead wood), while the numerous erect threads are 
combined to form minute, somewhat gelatinous, cushions. 

The Nostochopsidaceae, a family of specialized forms distinguished by the 
frequent position of the heterocysts at the ends of short laterals, show no indica- 

1 Perrieri Frim y <*9*7) cannot be included in this genus, as defined by Borzi. 
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tions of heterotrichy, but this is again seen in many of the less advanced Stigo- 
nemataceae (Fig. 5 B). In these the erect threads ( e ), as a result of more active 
growth, frequently differ from the prostrate ones ( b ) in their narrower and longer 
cells. The erect threads are, moreover, commonly little branched and it is they 
alone that produce hormogonia, while the akinetes found in several genera are 
formed by cells of the prostrate system. The two parts of the heterotrichous fila- 
ment are thus more clearly differentiated in these Stigonemataceae than they usually 
are, and this indicates a relatively high degree of specialization. Heterotrichy of 
the type just described is well shown by Westiella (Borzi, 1917, p. 84; Fremy, 
1929, p. 434), Hapalosiphon (Fig. 5 B), and Fischerella (Bornet & Thuret, 1880, 
p. .155; Gomont, 1895, 1902; Fremy, 1929, p. 439). The first of these is uniseriate 
throughout, while Hapalosiphon shows only occasional horizontal division of the 
cells of the prostrate system; in Fischerella the rounded cells of the latter are 
commonly arranged in several rows, a condition which is characteristic of most 
Stigonemas. 

The type of heterotrichy exhibited by such Stigonematales as Pulvinularia 
(Fig. 4 E, F) and Staur omatonema (Fig. 5 A) recalls that seen in the Pleurocapsales; 
the differences lie in the presence of pit connexions, in the usual presence of 
heterocysts, and of hormogonia in Pulvinularia. The two genera mentioned, more- 
over, occupy the same general habitats as the Pleurocapsales. In view of our 
inadequate knowledge of these genera, and especially of the Pleurocapsales, one 
hesitates to accept the implications suggested by these resemblances, but it does 
not appear to be altogether out of the question that the Pleurocapsales may be 
descendants from the simple Stigonematales adapted to a special habitat. It is 
especially Pulvinularia whose further study would be of interest from this point 
of view. 

It is equally possible, however, that Pleurocapsales and Stigonematales are but 
parallel developments from diverse origins. Geitler is of the opinion that the genus 
Siphononema (p. 138), which in certain stages shows resemblances to the older 
parts of a Stigonema with their gloeocapsoid groupings, may illustrate a mode of 
origin of Stigonemataceae from forms comparable to the Chamaesiphonales and 
that the simpler, more definitely filamentous, members of Stigonematales are de- 
rived. The resemblances between Siphononema and Stigonema appear, however, 
to be altogether superficial, and it does not seem credible that so advanced a 
morphological form as S. mammillosum, for instance, could have evolved from 
anything like a Siphononema. 

The relation of Stigonematales to Nostocales is difficult to assess and involves 
the whole problem of the relation between heterotrichous and non-heterotrichous 
filamentous forms which is discussed elsewhere (Fritsch, 1942). The derived con- 
dition of the non-heterotrichous types, which is possible in certain classes, appears 
lessf probable in Myxophyceae, because there is no evidence that these (i.e. Nosto- 
cales) show a greater specialization in any respect than the heterotrichous Stigo- 
nematales. It is to be noted that certain genera of Scytonemataceae ( Spelaeopogon , 
Seguenzaea Borzi, 1917), with prevalent false branching, show a heterotrichous 
filamentous habit, and such forms suggest a possible derivation of Stigonematales 
from the same ancestry as gave rise to the Nostocales. 

New Phytol. 41, 2 10 
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Summary 

The blue-green algae hitherto classed as Chamaesiphonales include two distinct 
series of forms which probably have only a remote affinity with one another. One 
series, for which the name Chamaesiphonales is retained, includes a number of 
characteristic epiphytes ( Derinocarpa , Chamaesiphon, Stichosiphon ), some of which 
approximate closely to the Chroococcales. It is concluded that what Geitler calls 
‘nannocytes’ among Chroococcales are in every way equivalent to endospores. The 
Chamaesiphonales possibly led on to such relatively complex types as Endonema 
and Siphononemd. The other series, the Pleurocapsales, comprises diverse fila- 
mentous forms of a heterotrichous habit ( Pleurocapsa , Oncobyrsa, etc.), as well as 
reduced types ( Xenococcus , Chroococcopsis ) and lime-boring forms ( Hyella , Scopu- 
lonema). The affinities of the Pleurocapsales are obscure, but the possibilities of 
a derivation from Stigonematales are discussed. 
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Scheme of possible interrelationships of Myxophyceae. 



The Hormogoneae likewise include two separate morphological series, the 
Nostocales and Stigonematales, the latter distinguished not only by their true 
branching, but more clearly by the evident heterotrichy of the majority, and 
especially of the less specialized, of its members. The relatively high organization 
of the Stigonematales is not in favour of Geitler’s view that they are pr imi tive 
and that the families of Nostocales are derived from them. It is equally possible 
that the latter are derived from a primitive series of Oscillatoria-like forms per- 
sisting to the present day as the Oscillatoriaceae and giving rise, after the appearance 
of heterocysts, to the Nostocaceae, Scytonemataceae, and Rivulariaceae, and per- 
haps also to the Stigonematales. The close relation of Oscillatoriaceae and Scyto- 
nemataceae is pointed out and the false branching distinctive of the latter is 
interpreted as a modification of the process of hormogone formation. The Rivu- 
lariaceae are regarded as heterogeneous. 

The following is an epitome of the primary classification of Myxophyceae 
advocated: . 

I. Chroococcales: unicellular or colonial (commonly palmelloid); multiplication 
by cell-division and by endospores. 
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II. Chamaesiphonales : unicellular or colonial epiphytes or lithophytes exhibiting 
marked polarity; multiplication by endospores or exospores. 

III. Pleurocapsales: heterotrichous filamentous types devoid of heterocysts; 
multiplication by endospores. 

IV. Nostocales: non-heterotrichous filamentous types, often showing false it 
(rarely true) branching; heterocysts commonly present; multiplication by hormo- 
gones, hormocysts, and akinetes. 

V. Stigonematales : heterotrichous filamentous forms showing true branching, 
mostly with heterocysts and usually showing clear pit connexions between the 
cells; multiplication by hormogones and hormocysts, more rarely by akinetes. 
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REVIEW 


An Introduction to the Study of Algae. By V. J. Chapman. 8 £xs£ in. Pp. 287, with 
209 figures in the text. Cambridge University Press, 1941. Price 18s. 

Dr Chapman s book, An Introduction to the Study of Algae , is a courageous attempt to supply 
a need long felt by students. It is, doubtless, much easier to criticize a book when it is written than 
to write one which successfully avoids the pitfalls lying in the path of an author who ventures 
into the algal field. 

Perhaps because the plants forming the subject of the book occupy a relatively lowly position 
on an evolutionary scale, they present an assemblage of forms differing among themselves in minute 
but significant detail, living in conditions not fully comprehended, and, in many cases, undergoing 
life cycles which have not yet been traced. Add to this the problem of correlating literature in a 
variety of languages,, relative to plants in varied habitats, with some uncertainty, at least in the 
earlier works, as to identity of species discussed, and the difficulties of presenting knowledge of 
the algae in coherent, logical and readiiy appreciable form become at once apparent. 

In attempting such a task two forms of book may be considered. One is the ‘magnum opus’ 
in which every known fact is faithfully recorded and which automatically becomes an algal encyclo- 
paedia, giving extremely useful service to advanced workers but providing, by its very nature, 
somewhat indigestible fare and lacking the ‘readable’ quality essential to the needs of the non- 
specialist student of algology. The opposite end of the scale is held by the superficial short book, 
written on broad lines, of very general interest, making no claim to be anything more than a simple 
introduction to the subject. 

Anything in between these two extremes involves the problem of selection. Herein has lain 
Dr Chapman’s greatest difficulty. No two authors would necessarily make the same selection and 
many teachers of algology would not accept Dr Chapman’s selection. There is always an advantage 
in escaping from the stereotypic, and this Dr Chapman has succeeded in doing. But in selecting 
types, a certain just balance between significance and occurrence must be maintained, and in this 
Dr Chapman is not wholly successful. Some well-known types have been rejected on the grounds 
that a student is rarely likely to meet them, yet others equally unlikely are treated in great detail — 
an inconsistency not always justified by the implications of the facts described. 

This inequality of treatment is a feature of the book throughout. The author devotes 95 pages 
to the Chlorophyceae (Charales 5 pages), 85 pages to the Phaeophyceae and just iz pages to the 
Xanthophyceae, Bacillariophyceae, Chrysophyceae, Cryptophyceae and Dinophyceae. 

Dr Chapman has attempted to forestall criticism of these points by pointing out in his intro- 
duction that the content of the book has been selected to meet the needs of students and contains 
matter for about 24 lectures covering courses planned for students reading for degrees. The author 
admits that inequality of emphasis has been deliberately accepted in order to keep the book within 
reasonable bounds for the avowed purpose. 

The book is, however, not a course of lectures. It is not written in that form, and its matter, 
despite the system of asterisks, surely far exceeds what might reasonably be expected of an under- 
graduate student in an examination. The book comes into the category of a general treatise and, 
despite the introduction, is open to criticism on that basis. 

Dr Chapman also states in his introduction that the author ‘firmly believes in this medium 
[illustration] as the best means of teaching’. Yet his use of illustration belies the claim. The figures, 
though good in themselves, are most lamentably overcrowded and so much reduced in size that 
their usefulness as a teaching medium is very seriously impaired. Moreover, there is not adequate 
reference in the text to the figures, nor Sre the explanations below the figures in ail cases sufficiently 
descriptive. 

.. The section of the. book which deals with systematic description, the hardest task of all, has 
obviously proved difficult writing for Dr Chapman, and he is less successful here than in other 
parts of the book. The chapters in question are dull and uneven. The inequality is due to the fact 
that here and there researches in one limited field have been fully described, while work in another 



field with an equal claim on a student’s attention has been wholly omitted. In actual presentation 
the writing of this section fails to reach the standard one would have expected. The author is not 
at his ease: his descriptions do not give clear mental pictures, so essential to good teaching, which 
a student can readily grasp. Facts which are themselves arresting and might have been used to 
challenge imagination are passed over without comment. Unproven hypothesis is, here and there, 

made to assume the guise of statement of fact. , , . 

In contrast to the earlier part of .the book, the later chapters hold the reader s interest more 
closely. The author escapes from the burden of type description and writes m much happier vein, 
especially where, as in the field of marine ecology, he is on more solid ground of personal experience. 
Here he writes with conviction and arouses real interest. At this point, Dr Chapman has done a 
real service to students and will doubtless succeed in stimulating an attraction towards research 
in this field. Fresh- water algal ecology is not treated with the same degree of attention however, 
and there is much in the chapter on evolution to which one would hesitate to subscribe. 

On the whole the book bears evidence of a failure to appreciate the added value which careful 
presentation gives to good matter. The lack of balance is so marked that it challenges the attention 
of the reader, and, in some cases, the views expressed are distinctly open to question; but there are 
some good chapters, and there is no question that the book will serve a very useful purpose. 
Students for whom it is primarily written will find it of great assistance. It will relieve them from 
the laborious and time-consuming task of compiling information from a large number of original 
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I. Introduction 

The previous contributions to this series of papers have reported the findings of an 
experimental evolutionary study of populations of sea plantains allied to Plant ago 
maritima L. carried out by Dr Gregor and his colleagues (Gregor, Davey & Lang, 1936; 
Gregor, 1938, 1939; Davey & Lang, 1939). 

The investigations have emphasized the significance of the local population as a unit 
in evolution. Individuality of discrete populations, often perceptible only by the majority 
of individuals of a population resembling each other more than they resemble the 
majority of individuals of another population, is initiated by factors which control the 
extent of intercommunity breeding. Though these controlling factors are liable to change, 
the constitution of some populations may be such as permanently to prevent their free 
interbreeding under any spatial or ecological circumstances. Migration and environ- 
mental changes may alter the extent to which genes can be exchanged between com- 
munities which are potentially interfertile. It would clearly he impracticable to recognize 
such dynamic populations in the orthodox taxonomic manner. Hence the need was felt 
for a system of population classification which could record the status of populations 

.'.:;;.M€wTbyt0lv;;4ir. : 3 ", , . 
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snd the kind and degree of isolation which keeps them apart, biological values of which v 
present taxonomic definition does not take cognizance. The units of experimental 
; taxonomy were therefore defined on the basis of the ability of populations to exchange 

genes; in other words, the visible attributes of populations were used only in so far as 
they provided a clue to the manner of population differentiation. 

It will be readily appreciated that in order to assess the relative importance of these 
differentiating processes it is essential to determine the breeding structure of the plantain 
population as a whole and to ascertain the potentialities for gene exchange between its 
constituent communities. The objects of the present investigation were to examine the 
cytological aspects of this problem. Quoting unpublished data of Miss D. McCullagh, * 
Miss E. 8. Bennett and the present writer, Gregor (1939) pointed out that whereas 
North American, Greenlandic and north European sea plantains are apparently ex- 
clusively diploid (.v = 6), populations inhabiting the European Alpine region are both 
diploid and tetraploid (x = 12). In the same paper it was shown that all diploid populations 
exhibited a high degree of interfertility, and that different samples of tetraploids could 
be bred freely together. Thus between the populations within these two groups there 
f is no inherent barrier to gene exchange, although in nature such interchange may never 

\ be realized for other reasons. 

The position with regard to the exchange of genes between the diploids and tetraploids 
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was more complicated. It had been established that diploids and tetraploids can be 
crossed, but it was not known whether such crossings could actually initiate an exchange 
of genes between the two populations. Consequently the diploid and tetraploid groups 
were provisionally regarded as separate coenospecies (i.e. groups unable to exchange 
genes) with the proviso that ‘if it should be found that diploid and tetraploid groups 
are capable of exchanging genes, they would comprise separate ecospecies of the same 
coenospecies ’. 

II. Material and methods 

The methods of sampling wild populations have been fully dealt with by Gregor, Davey 
& Lang (1936), and will not be detailed here. Throughout the text samples of wild origin 
are referred to under their sample numbers. Specimens of botanic garden origin, kindly 
sent by the late Miss McCullagh, retain the specific names under which they were 
received. The provenance of all types is shown in Table 1. Of each of samples 116, 
118 and 1 19 one hundred plants were available; for the remaining numbers six plants 
were chosen at random from samples examined in previous years, whilst the hybrid 
progenies were represented by up to twenty plants. 

Cuttings rooted in Sphagnum or potted seedlings provided root-tip material which 
was fixed in Langlet’s modification of Navaschin’s fluid. After dehydration and 
embedding according to La Cour’s (1931) schedule, sections were cut at 8p, and stained 
by the gentian violet-iodine technique. 

Pollen mother cell material usually smeared with difficulty, and the method could be 
used only in a small number of favourable cases. Permanent smears were fixed in 2 BE 
or acetocarmine. Paraffin embedding was finally adopted as the routine method for 
anthers. Of the various fixatives tried, Belling’s (1930) modification II of Navaschin 
proved to be the most generally satisfactory. Occasionally better results were obtained 
with Sz Smith (Lee, 1934) or with 2 BE. 
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bench level with a camera lucida using a Watson holoscopic 
a 20 x eyepiece, giving a magnification of 1300 diameters. 
:d drawings are from preparations fixed in Belling II. 

III. Cytoi.ogical data 

It will be seen from Table 1 that the plantain populations 
11 are of two kinds: (a) diploid (« = 6) and (b) tetraploid 
: exception of the Alpine sample Pi 19, which contained 
s, population samples were either all diploid or all tetraploid. 

Table 1. Chromosome numbers 


* Botanic Garden specimens received from Miss D. McCullagh. 
f P. serpentina selfed. 

The progeny of diploid and tetraploid parents were, as expected, diploid and tetraploid 
respectively. Hybrids between diploids and tetraploids showed the trip bid number 
(n = 9) in C37, C38 and C39, but two plants, C21, tetraploid 2 x diploid □, and C46, 
diploid 2 x tetraploid -J, were tetraploid. The progeny of the triploids, C 37 N.S. and 
C38 N.S. also proved to be tetraploid. 

The mitotic chromosomes were quite slender with median to subterminal centromeres, 
and the complements of members of different populations were in all cases similar in 
appearance. In the diploid individuals a satellite was frequently present on two sub- 
terminally constricted chromosomes. Sometimes three such chromosomes were observed 
in triploids but more than two were not observed in any tetraploid. In all cases, however, 
the satellite was very small, and its absence from some cells and individuals was probably 
due to local fixation effects. 

(2) Meiosis in diploids. Samples P82, P84, P 113, P. carinata , P. serpentina and PsS 9. 
Critical observation of stages earlier than diakinesis was precluded by the small size of 
the chromosomes, but the metaphase behaviour in all types was uniform. The twelve 
chromosomes were always found as six bivalents, most frequently each with a single 
terminal chiasma, though a proportion of cells in all plants had one or at most two 


1' Population samples j 
and source 

Chromes 

Mitosis 

iome.no. 

Meiosis 

Hybrids 

Source 

Chromosome no. 

Mitosis Meiosis 

P81 1 

Atlantic 

tz 

. — j 

Cai (F.J 

F t population 

24 

12 

P 82 } 

* boast, 

12 | 

6 

C.22 

P. alpina (Edin.)x P63 

24 

12 

P84 j 

^ U.S.A. 

12 | 

6 ; 

C23 

P63 x P. alpina (Edin.) 

24 

— 

P21 ! 


12 

— I 

Cl7 

P. serpentina x P21 

12 

; — : 

P91 j 


12 

— 1 

C 28 

P. carinata x PsS 9 

12 

6 

P104 

Iceland 

12 

— 1 

c 28 (f 2 ) ; 

F 2 population 

12 

— 

P63 


24 ! 

12 | 

Ci 7 (/'V) : 

F 2 population 

. 12 

— . 

B6 5 

'1 

24 

12 j 

C2I 

P. alpina (Edin.) x PsS 9 i 

24 

— - | 

Pm 


12 

. — 

C29 

PsS 9 x P 84 

12 

6 j 

P113 


12 

6 

C32 

P. carinata x P 84 

12 

; . » — 

P 1 16 (a) 


12 

! • — 

C 37 

P. alpina (Edin.) x P81 i 

18 

9 

Pi 17 


24 

~~~ . j 

; c 37 (N.S.) i 

Natural seed off C 37 

24 


P 1 17 (a) 


24 

: \ 1 

C38 ; 

P. alpina (Edin.) x P84 

18 

9 

Pn8 


12 

1 . . 

C 38 (N.S.) ! 

! Natural seed off C 38 

24 

12 

P i 18 (a) 


12 

— 

C39 

P. alpina (Edin.) x P91 


9 ■ 

| Pi 19 J 


: 12 & 24 

I ■ — ■ ■ 

C43 

P 113 x P 104 

12 


*P. alpina (Edin.) 

24 

! 12 

C46 

| P 1 1 3 x P 65 

! 24 

■j : 

*P. carinata 

12 

! 6 

| C46 (N.S.) 

j Natural seed off C 46 

24 

| I 

*P. serpentina 

| 12 

i 6 

| C56 

! PsS 9 x P 1 1 3 

; 12 

— 

I fPsS 9 


1 12 

! 6 


1 
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bivalents with two terminal chiasmata (Fig. ia y d, e). In Table 2 will be found figures 


for the chiasma frequencies per cell and per bivalent for sample P 82, P. carinata and 
PsSp. Slightly precocious separation of some bivalents did not disturb the numerically 
regular segregation at first anaphase. A single chromatid bridge was seen in each of a 
few cells at late anaphase I, and again in a few cells at anaphase II in P. carinata (Fig. 1 b y c). 


In no case was an acentric fragment found to accompany the first anaphase bridge. 



Fig. 1. Diploid hybrids. P . carinata : (a) metaphase, (b) anaphase I, (c) anaphase II — ( b ) and (c) showing 
bridge chromatids— (d) metaphase; P. serpentina : (e) metaphase I 5 (/) (fixed 2 BE) metaphase II. 


Fig. 2. Diploid hybrids. C28: (a) metaphase; C29: ( h ) tetraploid(?) pollen mother cell. 

1 he behaviour at meiosis in the diploid hybrids C 28 (PsSp x P. carinata) and C29 
(Psbfjxl 84) differed in no way from that described above, there being no trace of 
failure of pairing (Fig* 2 a). In one individual of C29 a single cell at premetaphase was 
seen with more than twelve chromosomes and, although unfortunately all twenty-four 
cm omosomes could not be counted, it seems certain that this was a tetraploid pollen 
mother cell resulting from syndiploidy in an archesporial cell (Fig. 2 b). 


Mi 
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(3) Meiosis in tetraploids. Samples P65, P63 and P. alpha (Edin.), C21 (P. alpha 
(Edin.) x PsSq), C22 (P63 x P. alpha (Edin.)). Never more than two quadrivalents per 
cell were observed in any case, the remainder of the twenty-four chromosomes usually 
forming bivalents of similar configuration to those in the diploids (Fig. 3 a, b y c). The 

Table 2. Chiasma frequencies of diploids and diploid hybrids 


No. of cells with ! No. of bivalents with ; ]yj' ean no 


Sample 

!. iNQ. or j 

1 cells j 

6 

Xta 

7 

Xta 

8 j 

Xta 

1 

Xa 

2 

Xta 

of Xta 
per bivalent 

PS2 

!'.■■■ . i 

j 20 | 

8 

12 

j - — 

108 

12' 

1*100 

P. carinata 

128 | 

85 ! 

35 

8 

717 

51 

i 1*066 

FsSg 

1 . 2 3 

10 

9 

! 4 

12 1 : 

17 

j. 1*123 

C28 

! 125 | 

SO 

62 

i 13 ! 

662 

88 

; 1*117 

C29 

h no 

49 

1 55 

1 6 1 

593 

67 

| 1*102 



Fig. 3. Tetraploid types. P63: (a) metaphase; P. alpinct (Edin.): {b) and (c) metaphase, 

(d) anaphase I — bridge and fragment. 

quadrivalents were simple chains or rings with three or four chiasm ata respectively. 
Occasionally a quadrivalent was replaced by a trivalent and univalent. I he maximum 
chiasma formation of sixteen per cell was observed once only in a cell of P. alpha (Edin.) 
which had eight rod bivalents and two ring quadrivalents. Anaphase separation was 
usually regular as the following distributions show : 


Sample P63 P. alpina (Edin.) 

12 cells 9 

o cells 1 cell 



12 : 12 
11 : 13 
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Chromatid bridges at anaphase I were found in P. alpha (Edin.). Two cells each 
showed a single bridge with fragment (Fig. 3 d) and two others each had a broken bridge 
without a fragment. 



Table 3. Chiasma frequencies of tetr aphids and tetr aploid hybrids 


4> Tetraploid hybrids. C21: (a) metaphase I, (6), (e) and (d) an; 
(ri single bridge and fragment, (d) double bridge and two(?) fragments; C: 

’-—bridge chromatid, • 


iaphase I — ( b ) two single bridges, 
22 : (e) metaphase I, (/) anaphase I 


n : 1:3 

12 i 11 and 1 lagging 


Sample 

No. of 
cells 


No. 

of cells with 


No. of potential 
bivalents with 

Mean no. 
of Xta per 

12 

Xta 

W3 

Xta 

14 

Xta 

Xta 

16 

Xta 

1 

Xa 

2 

Xta 

potential 1 
bivalent 

P63 

26 

1 7 | 

| 

14 i 

4 

1 

; 

287 

25 

1*080 

■j . P, aipina 
(Edin.) 

54 

II : 

18 ! 

19 

5 

I 

575 

73 

1*113 

I- C21 

23 j 

5 ! 

i° 1 

6 

1 

I 

247 

29 

1*105 

| C22 j 

12 ; 

1 1 

6 | 

4 

— 

I 

126 

18 

1*125 
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In C21, amongst 200 cells at first anaphase two were seen each with a single bridge 
and fragment - (Fig. 4c), whilst a third (Fig, 46) had two bridges involving separate 
bivalents though no fragments were visible. In a fourth cell a double bridge" involving 
a single bivalent ■was found, but it could not be determined whether the adjacent fragment 
was single. or represented two fragments in close conjunction (Fig. ^d). At anaphase II 
only one cell was seen with a bridge. In C22, eleven cells, out of 106 examined, showed 
single bridge chromatids at anaphase I, in all cases apparently unaccompanied by 
fragments (Fig. 4/). These observations of anaphase bridges and fragments suggest that 
P . alpina (Edin.) and its related hybrid C21 are heterozygous for inverted sections of 
chromosomes. An analysis of pachytene pairing might have clarified the situation in 
C22 where all bridges observed were unaccompanied by fragments, but was unfortunately 
quite impracticable. The inverted regions are probably short, since anaphase bridges 
were observed in only a small proportion of cells in any sample. 

The double bridge at anaphase I in C21 (Fig. 4 d) requires the formation of two 
complementary chiasmata in the inversion loop (Frankel, 1937; Richardson, 1936(a)), 
Such a distribution of chiasmata is unusual in the plantains as, at diakinesis and meta- 
phase, normal bivalents never had more than one chiasma on the same side of the 
centromere. Disappearance of chiasmata through terminalization is improbable. It is 
possible, however, that, with an inversion paired in one arm, special conditions of stress 
may arise resulting occasionally in a second chiasma. Anticipating, it may also be pointed 
out that two types of trivalent have been found in tripioid hybrids with triple chiasmata 
which must result from two chiasmata forming in one arm of a chromosome. 

Chromatid bridges at anaphase I were found in P. alpina (Edin,). Two cells each showed 
a single bridge with fragment (Fig. 3 d) and two others each had a broken bridge without 
a fragment. 

(4) Meiosis in tripioid hybrids. C37 (P, alpina (Edin.) x P81), C38 ( P . alpina (Edin.) 
x P84) and C39 (P. alpina (Edin.) x P91). As is to be expected, more variation in 
metaphase association occurred here than in the samples hitherto described. The 
chromosomes mostly formed trivalents. These were either simple chain or triradiate 
types with two chiasmata, or a ring and rod type, requiring three chiasmata. In nearly 
all cells some chromosomes remained as bivalents and unpaired univalents (Fig. 5 a, d). 


Table 4, Chiasma frequencies of tripioid hybrids 



No. of 


No. of | Xta per cell 


Mean 


cells 

16 ; 18 

j ; 20 ' ■■ :'zz V - 4 ■■ [. 

26 ! 28 

chromosome 

C37 

9 

i' ! 1 

1 1 ; , 1 3 T 

j 2 | 

i*259 

j C38 

IS 

1 | — 

1 3 3 3 

5 ] — ; 

, 1*274 


The extent of association in individual cells varied from a maximum of six trivalents, 
observed in a single cell of C38, to six bivalents with six univalents ; the average chiasma 
frequencies for C37 and C38 are given in Table 4. 

A peculiar configuration suggesting the occurrence of translocation was observed in. 
one pollen mother cell of C38, where two cells showed a 4 ring- rod* trivalent having 
the 4 rod ' chromosome terminally associated with the interstitial region of one chromosome 
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the ‘ring’ pair (Fig. $b). As in other triploids, segregation at anaphase I was very 
egular. Univalents lagged behind but passed to the poles without dividing (Fig. 5 e,f). 

The following distributions were recorded : 

C37 C38 C39 


9 : 8 with i lagging 
9 * 7 0 2 ■ > 3 » 

8:8 „ 2 „ 


In C38 four cells and in C39 two cells each with a single bridge were observed at 
first anaphase, but in none of these could fragments be found (Fig. 5 c, e ). 


Hg. 5. Triploid hybrids^ C37: (a) metaphase; C38: ( b ) metaphase-translocation in lowest trivalent. 
(c) anaphase I bridge; C39 ; (d) metaphase, (e) anaphase I—bridge and fragment, (/) metaphase II, 

(All from acetocarmme smears.) ’ F 

(5) Maoris in tetraploid progeny of triploids. C37 (N.S.) (natural seed off C37) and 
38 (N.S.) (natural seed off C38). Despite their inherent sterility a small amount of 
material was raised from seed harvested off the triploids C37 and C38. These offspring 
proved to be entirely tetraploid. The metaphase behaviour of both differed in no way 

rT/Sa 1 , de f Crib<:d for the other tetraploids and the average chiasma frequency for 
U38 (N.b.), determined from twenty-six cells, was 1-07 chiasmata per potential bivalent. 

. * n *P hasc was not studied in detail, but one cell was seen in C38 (N.S.) showing 
a single chromatid bridge unaccompanied by a fragment. 
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IV. Comparative morphology of Alpine diploids and tetraploids 

In order to amplify the cytological study of the diploid-tetraploid relationship, a brief 
consideration of the salient facts of comparative morphology has been included. The 
data cited are those of Dr Gregor (unpublished) and refer to Alpine diploid samples 
Pm, P116, P118 and Alpine tetraploid samples P 117, Pi 19, P 130, P 133, P62 and P63. 
The methods of obtaining the data presented in Table 5 are detailed in Gregor et al (1936). 

Table 5. Mean values of diploids and tetraploids 


# o*5 level of significance; all other values highly significant. 

It will be seen from the table that for all characters there is a difference between the 
inean values for diploids and tetraploids. With the exception of one character, viz. leaf 
breadth, the difference is in all cases highly significant. The tetraploids always show the 
higher mean value, and it is apparent that these figures are an expression of the ‘gigas’ 
habit. These comparisons are paralleled by similar measurements for a number of other 
characters, although it may be noted in passing that preliminary studies have failed to 
show any difference in the mean size of pollen grains derived from diploid and tetraploid 
plants. 

In garden cultures of sample P 119, a sample predominantly tetraploid, the occasional 
diploids could be recognized by their smaller size. But it must be emphasized that neither 
quantitative nor qualitative differences are sufficiently marked to enable Alpine tetraploids 
to be distinguished with certainty in the wild. 

V. Discussion 

(1) Chiasma frequency. A considerable amount of data is available as to the frequency 
of chiasmata in related diploid and tetraploid forms. Upcott (1939), discussing the 
incidence of chiasmata in Primula kewensis (4*) and its diploid progenitors, compared 
her results with those of nine other similar investigations. It was pointed out that the 
tetraploid always had a diminished frequency of chiasmata which varied in diff erent 
species from 98 to 77% of the frequency in the related diploid. Other similar cases have 
also been found in tetraploid and diploid Setcreasta brevifolia (Richardson, U)$ 6 (b)), for 
example, and in Tradescantia species (Anderson & Sax, 193 ^)- 

By contrast with these examples a few cases are known of the reverse behaviour. Thus 
Levan (1937), examining two sister plants from a cross between two varieties of Allium 


Character 

No. variates 

Mean 


Diploid 

Tetraploid 

Diploid 

Tetraploid 

Leaf length, cm. 

81 

5 ** 

io *75 

23*61 

Leaf breadth, mm. 

81 

511 

4*98 

5-36* 

Leaf thickness, mm. 

191 

5 i 9 

o*68 

0*78 ! 

Scape height, in. 

185 

187 

516 

7 *6o 

14*03 | 

Scape length, cm. 

5 i 5 

17-89 

35'09 i 

Scape thickness, mm. 

is? 

5*5 

1 *5 1 

* *63 ; 

Bract length, mm. 

191 

5*8 

2*40 

2*99 

Sepal length, mm. 

191 

5*8 

1*95 

: k 2*53 

Anther length, mm. 

189 

5*6 

i *'93 

2*18 ; 

Seed length, mm. 

260 

780 

0*85 

1*03 

Flowering grade 

190 

520 

9*30 

5*96 

Spike number 

! 80 

3 *o 

99*21 

178*67 

Spike density 

186 

| 5*6 

17*82 - 

| * 4 ' 7 * j 
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paniculatum found one diploid (2«= i6) with 0-85, and the other tetraploid (211 = 32) 
with 0-97 chiasma per chromosome. Also Miintzing (1937) found that the diploid 
Dactylis Aschersoniana (211=14) had 10-8610-15 chiasmata per cell, whereas the tetra- 
ploid D. glomerata had 23-04 ± 0-46. 

As regards the Plantago types of the present study the summary of chiasma formation 
in Table 6 shows that the tetraploids have a chiasma frequency closely comparable with 
that of the diploids. No detailed comparison can be usefully made, since it is not known 
that any tetraploid is directly derived from any diploid(s). It may be concluded that 
tetraploidy in these plantains is accompanied by little, if indeed any, decrease in chiasma 
frequency. 

Table 6. Chiasma frequencies in diploids and tetraploids 



Diploid : 

P82 
PsS 9 _ 

P. carinata 

C28 

C29 

Tetraploid : 

P63 

P. alpina (Edin.) 

C21 

C22 


(2) Interrelationship of diploids and tetraploids. The meiotic behaviour obse 
the tetraploids P. alpina (Edin.), P63 and P65 does not permit of any conclusion re 
their alio- or autotetraploid constitution. The chromosome pairing observed i 
mediate between that expected for extreme alio- and autotetraploids. The form 
one or two quadrivalents in these types, however, does indicate that two distinci 
four chromosomes are sufficiently homologous to allow of pachytene pairing and 1 
formation, but, because of the lack of visible differentiation between chromosoir 
impossi e to etermine whether the same chromosomes always form the quadri 
However, the behaviour of the tetraploid hybrid C21 (P. alpina (Edin.), tetraploid 
diploid) provided some indirect evidence as to the probable nature of the wild tetr 

„ US f p d c mUS t COntam 0ne di P Ioid complement, presumably from a diploic 

gram, of I s S 9 It is reasonable to suppose that intramonoploid pairing does 1 
place in any of the Plantago material and consequently two methods of chroi 
pairing are possible in C21. The twelve PSS9 chromosomes may form six b 
anc , in at event, the P. alpina (Edin.) chromosomes must also form six bi 
Alternatively, the twelve PsS 9 chromosomes may pair with the twelve P. alpina 
chromosomes to form twelve bivalents. Quadrivalents must represent associai 
two I sbq with two P. alpina (Edin.) chromosomes. Pairing in the former cas 
^ — tWlW /- W chromosomes 

p ahiZv r 1 SCCOnd Case ’ ir ma y also be inferred that six homologous , 
pWdCJof 1 pi.) ° mes are pre “ nt ““ ^ l“»n„logtms 

Further evidence relative to the homology of the two chromosome sets in the te, 

y gathered from a study of the trinlntd d /r? i* \ 
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20 

132 

6*6 

23 
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838 
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26 
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C38 and C39. As reported previously these triploids may all show a number of trivalents, 
the maximum of six having been observed in C38. Wherever trivalents are formed, 
two P. alpha (Edln.) chromosomes must either pair together directly or through the 
intermediacy of a third chromosome from the diploid parent. Such behaviour again 
indicates a high degree of homology between the two sets of six chromosomes in the 
haploid complement of P. alpha (Edin.). The evidence therefore leads to the conclusion 
that P. alpha (Edin.) is an autotetraploid. 

The behaviour of the tetraploid hybrid C22 (P. alpha (Edin.) x P63) provides a basis 
for inferring the constitution of the wild-growing tetraploid P 63 . Chromosome association 
in this hybrid was perfectly comparable with that of P. alpha (Edin.). Since the chro- 
mosomes of P63 either pair together or with those of the presumed autotetraploid, 
P. alpha (Edin.), P63 must also be a presumptive autotetraploid. Moreover the auto- 
polyploid nature of the wild tetraploid populations gains further support from the 
interfertility relationships of the different diploid populations (Gregor, 1939), which 
indicate an absence of any appreciable differentiation between the diploid complements, 
such as would be necessary for the production of allotetraploids. 

(3) Tetraploid fertility. Assuming that the plantain tetraploids are autopolyploids it 
might with reason have been expected by analogy with previous observations (Darlington, 
1928) that their fertility would be less than that of their diploid relatives. Contrary, 
however, to this expectation Gregor found that the numbers of capsules set and the 


Table 7. Comparative fertility and competitive value of diploids and tetraploids 





Mean 



Esti- 

Esti- 

Com- | 

Population 

No. of 
spikes 
per 
plant 

: 

Spike 

length, 

cm. 

No. of 
flowers 
per cm. 
of spike 



No. of 
seeds 
per cm. 
of spike 

Per- 

centage 

fertility 

mated 
no. of 
flowers 
per 
plant 

mated 
no. of 
seeds 
per 
plant 

parative 
seed pro- 
duction i 
per 
plant 

Diploid : 

Pi 16, P118 

99 

3-66 

17*8 

1 6-o ±0*506 

90 

6,450 

| 5,797 l 

44 ! 

Tetraploid : 


! : 

6-07 



1 82 




| P119, Pi 30, P133 

179 

14*7 | 

12*1 ±0-147 

1 15,972 

; t3, 147 

; 100 ; 


numbers of seeds present in each capsule were as high for P. alpha (Edin.) growing 
under greenhouse conditions gs in any of the European diploids. Similarly, tetraploid 
hybrids (C21 and C46) directly obtained from the respective crosses P. alpha (Edin.) 
tetraploid xPsS 9 diploid and Pi 13 diploid xP 65 tetraploid, besides the tetraploids 
(C37 (N.S.) and C38 (N.S.)) arising from the almost completely sterile triploids C37 
and C38, were all fertile to a high degree. The wild tetraploids P63, P65 and Pi 17 also 
exhibited about normal diploid fertility when grown under glass and hand-pollinated. 
Under garden conditions, however, the relative fertility of diploids and tetraploids was 
less easily estimated. The flowering period of the tetraploids was later and more prolonged 
than that of the diploids and seed production tended to decline as the season advanced. 
Dr Gregor has, however, made an estimate (Table 7) of the fertility of both tetraploids 
and diploids. It will be seen that, notwithstanding the lower fertility of late spikes, the 
average seed production of the tetraploid plants was higher than that of diploids of 
similar geographic source. The fertility of the tetraploids seems almost certainly to be 



associated with the low frequency of chiasmata and quadrivalent formation. As a result, 
meiotic segregation is regular and in the majority of cells twelve chromosomes pass to 
each pole at first anaphase. The plants are therefore fertile. The behaviour is in keeping 
with the conclusions of Kostoff (1939) concerning the fertility of polyploid plants with 

low chiasma frequency. 

From the above remarks it may therefore be safely inferred that these apparently 
autopolyploid populations are not only capable of successful sexual reproduction, but 
that, in so far as seeding rate determines competitive survival in nature, they are at least 
as favourably situated as their diploid associates. 

(4) Gene exchange between diploids and tetraploids. The meiotic behaviour of the 
diploid hybrids indicates a high degree of chromosome homology and a high potentiality 
for gene exchange between diploid populations. Whilst the plantains represent one more 
case where samples of wild populations have been found carrying heterozygous inversions 
these do not, as yet, seem to have contributed to the formation of barriers to exchange 
of genes within either the diploid or tetraploid populations. On the other hand, exchange 
of genes between diploid and tetraploid populations, though possible, must occur 
very infrequently under natural conditions. 




It seems probable that the production of diploid gametes by members of the diploid 
population is a method whereby the tetraploid population can acquire genes present in 
the diploid population. For example, in the tetraploid hybrid C21, obtained from the 
cross P alptna (Edin.) tetraploid x PsS 9 diploid, it seems that the functional pollen grain 
from the diploid parent must have carried twelve, instead of the normal six, chromosomes 
In contrast to the above example a fertile tetraploid C46 arose from the cross Pi 13 
diploid xP 65 tetraploid, a fact which strongly suggests that, in the wild, exchange of 
genes could take place as a result of the production by diploids of unreduced egg nuclei. 
Although no direct evidence was found in either diploid PsS 9 or P 1 13 of the production 
of unreduced gametai nuclei, one pollen mother cell of the diploid hybrid C20 was 
a most certainly tetraploid. By analogy with normal tetraploid spore mother cells, this 
might be expected to produce diploid pollen grains. 

. Gene e * chan g e through the intermediacy of triploids is another possibility. For 
mstance the tetraploids C37 (N.S.) and C38 (N.S.) originated from the open-pollinated 
l P r '37 an d C38 respectively. Meiosis in these triploids showed that the chromo- 
tetra P l0 ‘ d Parent were sufficiently homologous to pair and form chiasmata 

comaffi ZT°T dlP I° idS P8h P84 3nd P 9 I - T . h e derivative tetraploids must 
contain twelve chromosomes from the triploid parent and twelve from the pollen grains 

from th^T^A , egetatively the triploids are vigorous, but, as was only to be expected 
sterile^ On Tt* *TT? f St rations at anaphase they were almost completely 
fertile not nJ ° h* feW tetra P loid P la nts produced by these triploids were 

e loioffi ’I ,* • ' Cr ? ed a T g themseIves > but also when crossed Jth another 

° n Tu- “ t0 bC CXpeCted Aat ^ natUre tetra P loids of this hind are 
^ even I rin n i^ ‘tata occupied by a mixed population of diploids and tetraploids. 

lluMZLTt P d happened by chance t0 beCOme estab,ished -d leave 

1 "sr ° pporturaties for ,he ° f ■«* * . 

AMshl° CO r ming the origi " of "'"PloM* dims from 

diploids has so far been obtained it has been possible to demonstrate how the variability 
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of the former can be enriched in regions where the two populations come into contact 
with each other. In nature, the production of triploids is likely to be negligible except, 
perhaps, where self incompatible tetraploids occur in very low frequency among diploids 
or vice versa. However, the chances of triploids ever establishing themselves in greater 
concentration than as sporadically occurring individuals are extremely small. Thus in 
the absence of an intermediate triploid population the line of demarcation between the 
cytologically stable diploid and tetraploid populations will remain clearly defined. 
Notwithstanding this lack of an appreciable connecting population the absorption of 
diploid population genes by the tetraploids can still take place unobtrusively through 
the agency of diploid gametes. As mentioned in the introduction these two populations 
were provisionally regarded as belonging to different coenospecies , i.e. their status as 
independent units was recorded as complete. But, in view of the evidence now available, 
this taxonomic conception is no longer tenable and the true population status of both 
diploids and tetraploids is more adequately expressed, in terms of population taxonomy, 
by regarding them as separate ecospecies of the same coenospecies . In other words the 
diploid and tetraploid populations constitute two unquestionable units of evolutionary 
significance having a low potential capacity for the exchange of genes. 


* VL Summary. 

1. The basic chromosome number in the group of plantains allied to Plantago 
maritima L. is x = 6. The North American, Greenlandic and north European populations 
are zx; those inhabiting the European Alpine region are of two kinds (a) 2 X and ( b ) qx. 

2. The qx, like the 2x populations, form a cytologically stable and intrafertile grotip. 
Their fertility is attributed to a low incidence of multivalents. 

3. The occurrence of a certain amount of structural hybridity has been inferred from 
the behaviour of hybrid material. 

4. The meiotic behaviour in qx types and in 3X hybrids between qx and zx plants 
strongly suggests that the qx types are autotetraploids. 

5. The occasional acquisition by the qx population of genes present in the 2X 
population has been demonstrated as follows: (1) the fertilization of a qx plant by a 2x 
gamete from a 2x plant, (2) the fertilization of a zx egg nucleus of a 2x plant by a normal 
2x gamete of a qx plant, and (3) the production of qx zygotes by 3X hybrids. 

6. Since both the 2x and qx populations lead an almost independent evolutionary 
existence in consequence of their potentially low capacity for gene interchange it is 
suggested that, taxonomically, they should be regarded as separate ecospecies within a 
common coenospecies . 

The author wishes to express his indebtedness to Dr E. W. Fenton of the Edinburgh 
and East of Scotland College of Agriculture for his kindly interest in the cvtological work 
and to Dr Gregor, both for the provision of material and for invaluable help and 
constructive criticism. 
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A MIDDLE BRONZE AGE PALSTAVE FROM BURIED 
FOREST AT WOODWALTON FEN, HUNTS 


DATA FOR THE STUDY OF POST-GLACIAL HISTORY. VIII 


By H. GODWIN, Ph.D. 

Botany School , Cambridge 


(With Plate 2 and 3 figures in the text) 


Provenance 

It was reported that the axe was found sticking into the trunk of a prostrate oak tree 
some 30 ft. in length and 10 in. to 1 ft. in diameter at its base. The blade of the axe 
was parallel with the axis of the tree, about 6 ft. 6 in. from the base of the trunk, and 


Introduction 

Since the publication of Sir Cyril Fox’s admirable Archaeology of the Cambridge Region 
it has been apparent that during middle and late Bronze Age times the margins of the 
East Anglian fenland were subjected to an intensity of human invasion not equalled at 
any other time in prehistory. A great many of the extremely abundant bronze objects 
recovered from our fenlands have come from situations where they were evidently asso- 
ciated with a vigorous development of the so-called ‘buried forests’. It has been shown 
that fen woods of pine, oak and yew are associated with this archaeological period at 
Wood Fen near Ely (Godwin & Clifford, 1935), at. Methwold Fen (Godwin, Clark & 
Clifford, 1934), and at Woodwalton Fen itself (Godwin & Clifford, 1938). Opportunity 
to confirm this correlation and to strengthen the correlation of archaeological periods 
and forest history as shown by pollen analysis, was recently offered to members of the 
Fenland Research Committee by another discover} 1 from the Fenland margin. 

Early in 1942, during the operation of clearing prostrate trees from peat land in 
Woodwalton Fen, a bronze palstave was discovered, and the find reported to Major 
G. Fowler, who with the author visited the site on 22 March. The finders were Mr Fuller 
and Mr J. A. Chance of Woodwalton village, and it appeared that ploughing operations 
had prevented exact marking of the site or retention in situ of the axe or tree with which 
it was associated. The site was in the south-west corner of the 13-acre field east of 
Castle Hill Farm, and about 1000 ft. (320 m.) south bv east of the farm (6 in. O.S. 1926 
Hunts, Sheet XIV, N.W.). 

Typology 

The palstave (see PL 2) is a common middle Bronze Age type with a large stop-ridge 
and side-flanges. A low stirrup-shaped ridge continues from the flanges to the flat 
surface of the blade, enclosing a shield-shaped area in the manner said by Fox (1923) 
to be characteristic of palstaves of the Cambridge region. From the apex of the loop 
a faint central ridge runs farther down the centre of the blade. Palstaves of this type 
have been found in several hoards, e.g. Birchington and Barham. 
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embedded only by one comer of the blade as if it had been pecked into the tree for the 
time being and then forgotten, at a time when the tree was still standing. Slight damage 
to one corner of the axe blade indicates the truth of this account. The axe was dislodged 
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tree thickness of 10 in. to 1 ft. (25-30 cm.), it seemed reasonable to suppose the base 
of the tree trunk was about 1 ft. 8 in. (50 cm.) down from the surface. An excavation 
as near as could be guessed to the site of the find gave the following stratigraphy; 

0-25 cm. Ploughed black peat soil, locally with remains of sedge (Car ex), 

25-7° cm. Undisturbed fen-wood peat, with abundant bark and twigs of alder ( Alnus ) 
and fine sedge roots. At 48 cm. oak ( Quercus ) wood was encountered. 

70-80 cm. Transition to underlying sandy clay with frequent small flints (boulder clay). 

From this excavation samples for pollen analysis were taken at intervals of 5 cm. 

The field was densely littered with the remains of trunks and stubs of excavated trees, 
and there were numbers of trunks in the farmyard./Fhe bulk was alder (Alnus), but 
there was also much oak (Quercus), some pine (Pinus) and some slender yew (Taxus) 
about 3-4 in. in diameter. All save the alder were uniformly straight unbranched trunks 
clearly grown in good forest stand, and this was true for the oak in which the axe was 
found. Some of these forest trees were rooted in the boulder clay but others were grown 
on the peat itself. 

It fortunately happens that the peat stratigraphy of this portion of the fenland margin 
has already been investigated in detail (Godwin & Clifford, 1938) and a complete profile 
established by borings and excavations from the edge of the peat northwards through 
Woodwalton Fen. The line of this profile is shown in Text-fig. 1. From this it will be 
apparent that the axe site, like two other Bronze Age sites recorded nearby, lies to the 
south of a prominent ridge of clay which crosses Woodwalton Fen at or near the ground 
surface, an<i encloses a shallow basin between itself and the upland. The published 
investigations have shown that this marginal basin was filled to a maximum depth of 
about 7 ft, (200 cm.) with peat. This peat is wood peat for about the lower two-thirds 
of the profile ; in it are found very abundant and substantial tree-remains. Thus a large 
pine stub was excavated at Ub, and much alder and sallow wood was recorded elsewhere. 
Above the wood peat was a layer of raised-bog sphagnum peat, a development exactly 
parallel with that in the fen to the north of the clay ridge, and one reflecting a sharp 
alteration in vegetation and in climate. This sphagnum peat was shown to extend very 
far towards the fen margin, but in the cultivated peat soil of the field where the axe 
was discovered no trace of such peat could be found ; it seems probable that, although 
once there, it has been removed by cultivation. This development of raised-bog f>eat 
has been taken to represent the subatlantic climatic deterioration which corresponds 
with the beginning of the Early Iron Age, and if our assumptions are correct the wood 
peat in our profile must, on stratigraphic grounds, predate this. 

Pollen analyses 

Fortunately to supplement this deduction we can bring the results of pollen analysis at 
the site of our profile, and can compare these with pollen analyses from other sites 
close by, namely Woodwalton Ub, and Woodwalton A (on the profile mentioned), Ugg 
Mere F, and Trundle Mere B. The pollen diagrams are given in Text-figs. 2 and 3, 

As in the diagrams from Woodwalton A, and Woodwalton Ub, it is at once clear from 
Text-fig, 2 that local influences predominate throughout, those of local pine at the base 
and of alder thence to the top. The pollen of trees from the upland is correspondingly 
reduced in amount and interpretation of the diagram correspondingly more difficult. 
However, by expressing Quercus, Ulmus , and Ttiia as percentages of the total which 
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Text-fig. 2. Pollen diagram from middle Bronze Age palstave site at Castle Hill Farm, Woe 
influence of the local fen woods, chiefly alder, predominates throughout. The V marking 
indicates wood peat, and the vertical shading at the top, sedge peat coming in. 
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they jointly make, it is possible to relate this to the earlier series (Text-fig. 3). Tilia is 
strongly preponderant at the base, but diminishes upwards, becoming more or less of 
the same order as L imns in the upper half of the profile. This supports the reference of ' 
the greater part if not the whole of the diagram to zone VII d of the Fenland series. 
Zone \ II-VIII can hardly be represented since Tilia is still present in fair amount at 
the top of the series, Betula is still very low, and there is no trace of Fagus or Carpinus . 
This agrees with the stratigraphic evidence already mentioned. Zone VII c in the Fenland 
sequences corresponds with the period of deposition of the fen clay, the edge of which 
lies 1 miles (2 km.) to the north of the axe site, beyond the hard clay ridge. The fen 
clay does not penetrate into the marginal basin, but earlier evidence demonstrated that 
pine trees were growing on the peat surface both before and after the fen clay deposition. 
The non-tree pollen was carefully examined in the peat samples, but nothing in it 
suggests any evidence of a stage of increased wetness having affected this marginal 
position. The curve for fern-spore frequency given in Text-fig. 3 probably indicates a 
local change in the density of fern undergrowth in the fen woods throughout the series. 

In comparing this Castle Hill Farm diagram with that from Woodwalton Ub, it should 
be remembered that the latter is a longer series (230 cm.) from the deepest part of the 
marginal basin, whilst the former is only short (80 cm.), and coming from the edge of 
the basin deposits probably contains peat formed over a shorter period. Although the 
axe site was not levelled, reference to the published section suggests that peat as shallow 
as w T e find there probably first formed after a good deal of peat formation had already 
gone on at Ub. This accords with the pollen-zonation proposed and with the age of 
associated Bronze Age finds. 

Associated finds 

The map (Text-fig. 1) indicates the position of two discoveries reported close to the 
axe site. The first, marked (2), was a late Bronze Age socketed adze with a loop set at 
right angles to the plane of the blade found lying on a 'bog-oak' at Castle Hill Farm and 
only about 860 ft. (260 m.) to the south of the axe site (Garrood, 1929). It appeared on 
enquiry that the axe was ploughed up from a depth of about 15 in. (38 cm.). 

The second find, marked (3) in Text-fig. x, w r as an early middle Bronze Age palstave 
with infolded flanges, discovered on the east side of the Raveley Drain among the roots 
of a ‘bog-oak 5 between 3 ft. 6 in. and 4 ft. (106-122 cm.) from the surface (Garrood, 1930). 

It will be noted that all three bronze finds have been associated with buried trees, 
and, that all lie in the same marginal fen basin, which evidently in middle and late 
Bronze Age times was covered with fen w r oodland quite accessible and apparently quite 
attractive to men of that time. It is perhaps surprising that cut wood has not yet been 
reported here. 

SUMMARY' 

The discovery of a middle Bronze Age palstave at this marginal fen site has strengthened 
the correlation between this archaeological period and (a) the development on fenland 
margins of fen woods of alder, oak, pine and yew, (ft) the termination of zone VU in 
the pollen analysis zonation for Fenland and British forest history. 

The author wishes to thank Major G. Fowler for his very kind co-operation in the 
field work, his notification of the discovery' in the first instance, and for the photography 
of the axe. 
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I. Introduction 

" ^ In the first communication of this series it was shown that various saprophytic Flagellata 
devoid of chlorophyll are capable of multiplication in suitable putrefaction cultures in the 
dark. Among them the colourless saprophytic Euglenineae, called Astasiaceae, are 
especially common in cultures inoculated with mud from the bottom of polytrophic 
waters. 

The conditions of life within such enriched cultures are as yet very unclear. They 
contain mixtures of diverse micro-organisms differing widely from one another. From 
them it is, however, possible to obtain secondary cultures which contain only a single 
species of Flagellata. Further subcultures can be 'effected with a great measure of positive 
success, so that Euglenineae can be raised in quantity and a supply maintained. 

Unfortunately, it has hitherto proved impossible to obtain multiplication of the 
majority of Astasiaceae except through the agency of putrefaction cultures. Two species 
only, Astasia (ocellata) quartana and A , ( Chattonii ) longa, have so far been grown in pure | 

culture. The methods, which were so successful with these two species, failed with all the I 

others, though up to twenty-five species with more than forty strains are involved. I 

7 YY. ; X ,YvY": Yu 1 '■■■'■ Y.' Y- YY f ■'■-f f'r' Y.. Y - .Y Y.Y '-Y /:■ Y- Y ' Y Y YY YyYY -Y ; - ' ■' . Y ' Y Y. V' ■ Yy-Y V- : V. .''"YYlB 

1 The two earlier communications were published in Archivfur Protistenkunde (Pringaheim, 193b, i937 rt )- 1 
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II. The mode of obtaining clone cultures 

In a mixture of unicellular algae it is often difficult to refer individuals to definite species. 
This is due to the fact that shape and internal structure are influenced by the environ- 
ment. The difficulty is especially great in the genera Astasia and Distigma. They undergo 
metabolic changes of shape in a very short time. 1 An adequate diagnosis therefore cannot 
be made without describing the various forms the cell can have. Metaboly especially 
occurs when conditions suddenly change as is the case in mounting a microscopical 
preparation. They mainly consist in contractions, twisting and sticking to solid particles 
or the surface of the glass. If the cells are allowed to swim freely under constant con- 
ditions cells straighten and metaboly disappears. But this state of ‘normal’ shape may 
never be resumed under a cover slip. We therefore have to watch the cells in a hanging 
drop or in an open preparation on a slide for more than a few minutes till they are again 
in an undisturbed, physiologically balanced, state. 

An even greater difficulty arises from the fact that the shape eventually adopted by a 
certain species is not the same under all circumstances but has some, so far unknown, 
bearing on the conditions of the medium. As a rule all individuals are influenced in the 
same way. That is why mistakes may easily be made. 2 It takes a long time to watch a 
strain under various circumstances to become sure of specific differences and identities. 
Therefore culturing is indispensable for systematic work in this group. 

To prepare adequate diagnoses, cultures of course should originate from single cells 
and show extensive multiplication. The procuring of such clone cultures to begin with 
proved difficult (Pringsheim, 1936, p. 48). Single cells transferred to fresh putrefaction 
tubes showed no multiplication, although ten or more cells did. 

It was found, however, that this difficulty could be overcome by improving my putre- 
faction culture method. In most cases starch provides the best organic material. This is 
mixed with a little soil and chalk, and a small quantity is put on the bottoms of test-tubes. 
Then these are filled to a height of about 4 cm. with ordinary garden soil not too rich in 
decaying organic residues, usually called humus, and containing a good quantity of sand. 
Tap water is added to about 4 cm. above the surface of the earth. The tubes are provided 
with cotton-wool plugs and heated for about half an hour in a steam chamber. When 
the tubes are inoculated, sterile water can be added at convenience. It is not advisable 
to fill the tubes to a high level before pasteurizing, because stoppers would be soiled 
by rising soil particles during heating. Such tubes are best inoculated a few days after 
heating, but they can be used even weeks later. 

When this procedure was followed almost every uniflagellate culture was successful, 
though sometimes four or more weeks elapsed before a copious development was 
observable at room temperature. As a putrefying material plain starch usually was best. 
Sometimes however starch-containing seeds, such as cereal grains, were used with 
better results. 

With the help of these methods a number of Astasiaceae, in part new, were raised from 
diverse materials. Usually, however, there appeared certain earlier described species such 

\ ^tabolic changes occur not only in green and colourless Euglenineae hut also in Chrysomonadineae 
and, other rlagellata as well as m ciliates. But they never reach a degree, making identification very hard, 
as they do m the case of the Astasiaceae, ■ ' " ,■ 

do which under £° as lar £ e changes according to living conditions as 
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as Rhabdomonas cosiata (syn. Menoidium longum), Distigma proteus, and a number of small 
Astasias ; but it is probable that numerous other unknown or insufficiently described 
species could be obtained from other habitats. This is suggested by the rich collections of 
interesting forms found in certain places, such as the polluted pasture pools above Lunz 
in Austria or the moorland margins of the Pflegersee in Bavaria. 

III. Generic and specific characters among Astasiaceae 

All experts are nowadays of the opinion that the saprophytic Euglenineae have descended 
from green ancestors. In some cases this relation is still perfectly clear, and it is possible 
to specify the near allies of the apochlorotic forms among green species. In other cases 
this is by no means easy. One difficulty in relation to this conception of affinity lies in the 
fact that although all green genera possess colourless members, the opposite is not true 
of all the saprotrophic ones, and still less so for the holozoic ones. 

The genus Euglena , with its diversity of shape and ecological needs, is of special 
interest in this connexion. Astasia in many members is so closely related to it that certain 
colourless species have with justification been described as apochlorotic varieties of green 
species of Euglena. Furthermore, E. gracilis is known to be distinguished only with 
difficulty from an Astasia when grown in complete darkness (Ternetz, 1912). Klebs 
(1883) observed apochlorotic forms of Euglena acus , and other authors corroborate this. 
The same is true of Phacus and Trachelomonas . The systematic position of all these forms 
is quite clear. That of Menoidium , on the contrary, is rather dubious and at any rate 
peculiar. As I emphasized earlier (1936, p, 57) this genus is related both to Lepocindis 
and to Phacus , Furthermore, the genus Menoidium is n$t homogeneous, so that nothing 
which would be generally valid can be said as to its affinities. 

A relation between the biflagellate colourless Distigma on the one hand and the green 
genera Eutreptia and Gymnastica (syn. Eutreptiella) on the other, has been assumed 
(Pringsheim, 1936, p. 84). Features common to both the pigmented and the colourless 
species are: an often extremely high degree of metaboly, exceeding that found in any 
species of Euglena or Astasia ; two flagella, serving for movement and apparently always 
different from one another, a feature found in no other member of Euglenineae ; small 
paramylon grains. 

It is not easy to select the right specific features for Astasia and Distigma , because high 
modifiability and metaboly and the difficulty of fixing the cells for observation render 
it hard to determine the limits of species. Specific definition has become increasingly 
difficult as more species have been detected. Without living cultures available for com- 
parison, certain of the newly described species could not with certainty have been 
recognized as different. I propose to discuss the characters in the same order as in the 
first communication (1936, p. 61 seq.): 

(1) New names had mostly to be given to the species, partly because no known species con- 
formed to the type studied, partly because the earlier descriptions were no longer adequate after 
a number of further species had been found. 

(2) Earlier drawings are in part no longer sufficient. This is specially true of those species 
which are liable to change of shape, and which can only be satisfactorily characterized by several 
drawings. New illustrations had therefore to be prepared. Outline drawings, including para- 
mylon grains, were considered to be sufficient. 

(3) The shape of the body is best described from undisturbed, free-swimming individuals, 
because these may be considered as normal and characteristic. It is therefore necessary to 
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employ open drops of large size which allow only the use of weak objectives. The changes of 
shape, spoken of as metaboly, are likewise important in the definition of species, since they are 
represented in quite different degrees and afford varied pictures. The strongest, ‘convulsive’ 
contractions, which often are associated with the throwing off of the flagellum, seem for the most 
part to be called forth by chemical disturbances. In the rigid species this corresponds to a mere 
loss of the power of movement. In what way a new flagellum is formed is not known. Such 
seemingly badly damaged individuals can, however, sometimes be used for starting new clone 
cultures. 



(4) The size of the body should be measured in living cells exhibiting the greatest degree of 
extension, which is usually impossible owing to movement. If fixed material is used, the cells 
must be in an undisturbed state before fixation. It happened repeatedly that a newly discovered 
strain agreed quite well with the earlier diagnosis of the species, but differed in size. In such 
cases a new variety had to be created, though the earlier described species may be found again 
and may differ in some essential features. 

( 5 ) The structure of the periplast is not always readily detected, but striations following a more 
or less spiral course appear never to be lacking. They were found even in Astasia hnga mihi 
the only species in which the membrane had been described as smooth in the first communi- 
cation (Pringsheim, 1936, p. 66), by covering fixed and dried cells with a film of collargol or 
other colloidal stains. The value of the striation as a specific feature is greatly diminished by the 
fact that it may be developed to a varied extent in different individuals of the same clone culture. 
Similar observations have been published by Deflandre (1924), Lefevre (1931) and Conrad 
( I 934 > P- 20 3 )- The cause of the phenomenon requires special research. 

(6) All statements as to the length of the flagellum are to be used with caution. It is impossible 
to measure it, when the flagellum is undulated or forms ringlets. The only species in which 
flagella are sometimes straight after death belong to the genera Menoidium and Rhabdomonas. 
No remedy for this drawback could be found. I wonder how the precise data in literature as to 
the length of the flagella have beep obtained. Actually we are compelled to undertake rough 
estimations which, as usual, are rented to the length of the body.* Among metabolic species an 
additional source of error lies in the variability of cell length. It is thereby in most cases not 
possible to say more than that the flagellum is about as long as the body or appreciably longer or 
shorter. In addition, the length of flagella varies in relation to conditions. It is therefore no 
reliable specific feature in some cases. 

‘ S a !* the species newl y described in this paper. Colourless 

ill mu WUk e y e " s P ots Wlj l be the topic of a further communication. 

T^Lr^r 011 ° f the md ? US is , not aIwa y® the same in a given species or even individual. 

, ? ° f the species it tends to be almost central, while in others it is situated rather far 

Sm evenYnli? 4 ° f f* “o' The degr f e ° f itS distinctness varies also. In some species it is 
b^ foSid Sthout Wn “? 15 • Pr ° Vlded Whh a di5tinCt car y° some > while in others it cannot 
paramylon grabs. & d g ’ ItS P ° Sltl0n bein S disclosed only by an area free from 

eaifli used g I a S^lfT Wj/ °” ° ften SUpply important diagnostic features, but these are not so 
steSTn m P , r r 0US papere WOuld indicate - Param yIon is certainly a reserve 
Shane and siw- of tRe d dlsappear » readlI y as a result of starvation as starch mostly does. 
oSdSof Varlable ' Dur “g rapid ^elopment there are only small 
In old SlturSTof ^ r ^ “ 8 ’ bUt Wlth Sl0wing d0wn of division il ^creases in abundance, 
deposited in definite nlarr*f* P 'rif R> m °^ e 0r * ess ‘ * n certa ’ n species paramylon is chiefly 
is usually found in the anterior part ofThe bo™ 7 ° f ***** ^ Dbtigma m ° St ° f h 

howmr W vSlo^lh, *1 W«*in>atdy cylindrical. The ratio of length to breadth, 

acicular ’ Such differences T. 8 ,f PC rang ® s f r ° m neaf ly discoid to rod-shaped or even 

stratification is discernible ri lifc C aracter,8tl c °f different species. The readiness with which 
strsHucation is discernible is likewise a specific feature, not depending only on the size of the 

ardadvdv ° f b ° dieS ’ 



(2) New and imperfectly described species 

The following descriptions are more detailed than usual, because identification would 
otherwise be impossible. 

i. Astasia applanata n.sp. (Fig. 1} 
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granules, although in a given species the largest grains show it most distinctly; it depends on 
unknown properties of the species. If the granules are densely packed they assume a polyhedral 
shape, but flattening is not the result of direct contact, since narrow interspaces are always 
recognizable. 

Some species, in which metaholy is most pronounced, have very small granules throughout, 
while large, ring- or rod-shaped paramylon grains are found only in those species which are 
nearly or completely rigid. This relation can be understood on mechanical grounds. First, a cell 
with long paramylon rods would be unable to perform strong metabolic movements, and 
secondly, deposition must be interfered with by such movements just as in the case of crystal- 
lization from a solution, 

(10) The manner of swimming in different species merits considerable attention. It affords 
valuable features, especially in the metabolic species and in those possessing two flagella. 

(11) Certain similarities between the species become the more obvious the more species are 
discovered. They go so far that original diagnoses of species often fail to he unequivocal, and 
that comparison of species under various conditions are indispensable for identification. 

(12) As regards the ecological conditions and the habitats in which individual species thrive, no 

certain statements can as yet be made ; therefore the places only, from which my strains originated, 
are mentioned. . 

(13) The composition of the putrefaction tubes for culturing the various species was almost 
monotonous. Some remarks concerning them are found in the single sections dealing with 


species. 


IV. The genus Astasia 


(1) General discussion 

The genus Astasia includes all colourless uniflagellate Euglenineae capable of change of 
shape or, what amounts to the same thing, the apochlorotic forms parallel to Euglena . 
It comprises also those species which are not capable of performing active metabolic 
changes, but at most exhibit curvatures of the body, such as Astasia linealis , which in this 
respect as in others belongs to the morphological group of Euglena acus (Pringsheim, 

*936,?. 78)^ 

The association of certain Astasias as apochlorotic parallels to species of Euglena is 
impracticable in most cases, because chloroplasts and pyrenoids afford diagnostic char- 
acters in the latter which are not available in Astasia . The phylogenetic loss of these 
characteristics, which is related functionally to the change in the mode of nutrition, 
results in the absence of features which are indispensable for establishing the true 
relationship. A system suitable for practical use cannot therefore reproduce the pedigree, 
until some substitute of the nature of other characteristics has been found. Possibly 
serological reactions might afford the necessary data. 


(1) Free-swimming individuals club-shaped, usually not circular in cross-section but 
more or less flattened (hence the specific name) or nearly spoon-shaped, with slight 
torsion. Stronger twists with spiral edges not observed. When disturbed, rather easily 
assuming a completely flattened, nearly plane shape, the outline becoming approxi- 
mately trapeziform or like a slightly drawn out lemon. More marked metaboly only 
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after considerable injury, e.g. the action of poisonous substances, which also leads to 
cessation of the swimming movement. Under such circumstances the cell assumes the 
form of a squat bottle or a broad turnip, with accumulation of the protoplasm at the 
back end and in8ication of an anterior neck. The front end is never acute or truncate; 
the gullet and vacuolar system are difficult to see. 

(2) Length of body up to 40 ft, the breadth then being about 10 /x. 

(3) Distinct close striation, markedly oblique, also on parts that are drawn out in a 
cylindrical manner, in club-shaped parts often running nearly transverse near the anterior 
end. 

(4) Flagellum of about the length of the body. 

(5) Nucleus mostly behind, usually not far from the centre, but sometimes near the 
posterior end. Its situation may change in the same cell with the degree of metaboly. 
The nucleus is not easily recognizable during life. 

(6) Paramylon grains of medium size, discoid or rod-shaped, sometimes like an elon- 
gate ring. A few larger ones may occur. 


Hg. J. Astasia applanata n.sp. In the left upper corner a cell viewed from the narrow and broad sides 
respectively showing the flattening typical of the species. The large individual on the right shows the 

shape, with moderate flattening, mostly seen during swimming. 

(7) The motion during free swimming shows no characteristic features, but when 
progression is hampered the movement is often vibratory, although no secondary flagel- 
lum is present (cf. 1936, p. 76). 

(B) T here is a certain similarity to A. Dangeardii Lemm. The strain of this species, 
which was observed and determined according to the diagnosis of Lemmermann (1913), 
shows cells which differ from those of A. applanata in generally being curved as a whole 
and truncate at the front end. The description by Lemmermann does not, however, 
render a strict decision possible. A. inflata Klebs must also be taken into consideration; 
certain greatly shortened and flattened metabolic stages of A. applanata fit Lemmer- 
mann’s diagnosis. The species, which I previously described by this name and which 
did not, owing to the smaller size of the body, 2 quite agree with that of Klebs, differs 

The^iLe'DiTOated tar''** *° Ti *^ T>e l ^ e Jf r K er ™ es magnified ipoo, the smaller ones 500 times. 

Z ‘ , P T { JT hvmg ce, s and for this reason the y have been kept simple, 
of S ' and figures a strain of A. inflate, which is in good agreement with those 
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from A. applanata in the curved shape assumed when swimming freely, the smaller 
dimensions, the greater tendency for metaboly, quicker movement and relatively large 
paramylon rods (cf. 1936, p. 62). 

(9) The strain was reared from material from a polluted upland pool on the Durrnberg 
above Lunz. 

(10) Good cultures were obtained only with putrefaction tubes containing wheat 
grains and soil or peat, to which a little CaC 0 3 was added, not with pure starch, as in 
the other species. 

2. Astasia clava n.sp (Fig. 2) 

(1) Body club-shaped when free-swimming. Hence the specific name. Mostly stout, 
but sometimes slender, elongate and about the shape of a carrot, not curved, flattened or 
twisted. Metaboly slight, although inflations occur, sometimes one, sometimes two of 
them with an intervening constriction. 

The posterior end can become rod- n 

shaped; the anterior end rarely exhibits ( \ ( r\ 

this form. The structure of the anterior \ ! / I \ 

end could not be exactly elucidated y\ < xN v \ i /#qX 

owing to the small size of the cells, but \ \v\ j Jk f 

there is a shallow emargination where n\ X°q\ ^ jj 1 q ) ( ( 

the flagellum arises; this is situated a (\ vQ \ J / XC7 J 

little to one side so that the cell is usually \ \ v y \) ( j 11 

somewhat oblique at the front end. ^ 

(2) Length of the cell 20-25 fx. ^ ^ 

(3) Striation exceedingly delicate. Fig. 2 . Astasia dava n.sp. The nucleus is not visible 

(4) Flagellum about l| times as long the liv ing cell and therefore not shown. 

as the body. 

(5) Nucleus only discernible during life by the clear space left between the paramylon 
grains, situated behind the middle. 

(6) Paramylon grains usually all of almost the same size; stratified and specially large 
grains are lacking. The grains are rod-shaped or polygonal. They often are almost or 
entirely wanting in the posterior end of the cell. 

(7) Swimming movement not very rapid. The cell is mostly not distinctly curved, but 
is often somewhat irregular in outline so that the spiral path becomes evident. 

(8) There is a certain similarity with A. gorpphonema n.sp., which is alike in the nucleus 
being situated behind the middle and in possessing a dub-shaped body, often with a 
waist. Differences exist in the finer striation, the absence of torsions and in the greater 
length of the flagellum in A. clava . Compared with A. inflata Klebs., A, clava n.sp. has 
much less marked capacity for change of shape, no flattening and more delicate striation. 

(9) The material came from the \Soos* of Franzensbad in Bohemia. 

(10) This species multiplied in all kinds of putrefaction cultures. 
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Metaboly considerable. Torsions and flattenings may occur but spherical metaboly seems 1 
to be absent. Anterior end often somewhat truncate. 

(2) Length 28-32 /x, breadth 7-8 /x. 

(3) Striation delicate but distinct. 

(4) Flagellum of about the same length as the body. 

(5) Nucleus in the posterior end of the dilated part where it begins to taper off conically 
so that it appears like a sphere lying in a funnel. Both it and the caryosome are rather 
easily discernible. 

(6) Paramylon in grains of different sizes, minute ones behind, and larger ones (often 



distinct short rods) in front of the nucleus, the largest sometimes with stratification. 

(7) Movement during swim- 
ming obviously rotatory owing to y|Q) 

the curvature of the body, often rv XX S j 

in wide spirals, sometimes rather | | 

irregular and as it were tentative, q. yY * 

(8) This strain is related to my V r 

strain of A. injiata , but it is seldom A\ V 0 TV r " " 

completely flattened and is some- / mwm q X-'* s 1/ 

what larger, though not as large \ J X WwItA V J * ° 

as the form described by Klebs \ ^ XX [f 

under this name, which, moreover, K?\ \ u 

is said to possess a central nucleus. / ) XtJX/. 

My strain of A . inflat a differs also A X 

* ^ 1 , . n u ^^-3' Astasia comma n.sp. On the left an individual showing an 

m the relatively shorter flagellum unusual degree of extension and with few paramylon grains, 
and in the fact that the nucleus is At *ove, a number of the latter, magnified 2000 times, showing 

more difficult to distinguish. their spedal features ' 

(9) Material from the shores of the Obersee above Lunz between decaying leaves of 
Carex . 

^ (10) I hrives very well and reliably in different putrefaction mixtures, with material 
rich in starch and covered by soil. XXpx X • ■ 

4. Astasia cyKndrica n.sp. (Fig. 4) 

(1)^ While swimming freely and undisturbed the cell is obliquely club-shaped, the 
anterior part being remarkably large and ovoid or spherical, while the posterior end is 
relatively small and not distinctly demarcated as a process. The metaboly consists mostly 
m a shortening and broadening of the posterior part, as a result of which the cell becomes 
distinctly cylindrical. In this state both ends are rounded, the cell remaining straight or 
being very slightly curved. This characteristic feature provides the basis for the specific 

name, rue ventricose swellings are not produced, although the middle part is sometimes 
a little inflated. 

t. cytoplasm appears transparent, the cell having a remarkably delicate appearance, 
t he shape is very variable, but neither flattening nor spherical metaboly nor torsions were 
observed; at the most there is constriction at the middle which presupposes a slight 
torsion, resulting m the ‘ violin ’-like shape, which is characteristic for this and several 
otner species of Astasia, especially A. inflata. 

(2} Length 16-20^, when fully stretched up to 25/i. 





CZ) 

Fig. 4. Astasia cylindrica n.sp. The shape to which 
the specific name refers is only represented in two 
individuals in order to be able to illustrate the 
manifold other forms that are assumed. Here and 
in all the other figures the relative numbers of the 
different forms cannot be recognized in the figures. 


Fig. 5. Astasia Dangeardii Lemmermann. The figure of 
Lemmermann is not very characteristic, so that a com- 
parison does not show whether the forms are identical. 


and usually a posterior process distinctly demarcated from the body. Lastly there is also 
similarity to A. comma n.sp., in which, however, the anterior portion is more elongate, 
while thickening of the posterior part leading to a general cylindrical shape does not occur. 
On the contrary, the cells of A. comma usually remain narrowly elongate, the posterior 
process disappearing only when the cell is strongly contracted. 

(8) Material from the lacustrine chalk of the ‘Mittersee* above Lunz. 

(9) Grows in putrefaction cultures with starch or starch-containing substances, 
covered with soil. 

5, Astasia Dangeardii Lerara. var. parva n.var. (Fig. 5) 

(1) Shape very variable, also when swimming. Undisturbed cells are mostly spindle- 
shaped, during quick movement like an elongate carrot with only slight curvature, often 
nearly rod-shaped. Mostly narrowed and with a short prolongation towards the back 
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(3) Strong spiral striation which is not always easily seen in every cell of a culture, but 
which is generally distinct. 

(4) Flagellum about as long as the body or a little longer. On treatment with alkali or 
iodine vapour it is shed, but not during fixation with osmic or acetic acids. 

(5) Paramylon grains small, elongate-rounded to short rod-shaped. Bigger grains and 
such as are stratified were not observed. 

(6) The path during swimming is generally distinctly spiral owing to the torsion of the 
body. The movement is rapid and erratic; since its direction is often changed, wide 
sinuous curves are commonly described. 

(7) The new species resembles A. infiata var. minor (Pringsheim, 1936, p. 62), in 
which, however, the nucleus is situated farther back and the cell is flattened strongly 
during metaboly. The typical A. infiata, as described and figured by Lemmermann and 
by Skvortzow, is double as large. A. clava n.sp. also show's a certain resemblance to 
A. cylindrica, but it is not curved, possesses more delicate striation, has a longer flagellum 
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end, nearly cylindrical with a straight truncation towards the anterior end. Posterior j 
end usually rather acute, an important feature. The body can become somewhat flattened 
or ventricose, but the anterior end remains drawn out like a neck with the small flagellar 
funnel in the middle. 

Lively metabolic changes of shape as a result of the least disturbance, but there are no 
evident torsions. 

(2) Length 30-35^, breadth 7-10/x (the type 30-58^ and 12-20 according to Lem- 
mermann). 

{3) Striae distinct but often delicate, when they are clearly visible only at the margin 
and cannot be traced over the entire surface. 

(4) The flagellum is shorter than the body and is easily shed. 

(5) Nucleus behind the middle or even near the posterior end, both it and the caryo- 
some very transparent so that they are difficult to distinguish in the living individual 

(6) Paramylon grains small, spherical to oblong or shortly rod-shaped. 

(7) Locomotion often erratic, vibratory. The anterior end is bent a little to one side 
and traverses a spiral course. Conglomerations formed in drops from crowded cultures 
with soil and starch. 



(8) There is a certain similarity to A. Klebsii , from which A. Dangeardii was first 
separated by Lemmermann. The differences consist mainly in the more distinct striation 
and in the lack of torsion in A . Dangeardii. This was pointed out by Lemmermann, and 
I have therefore referred my strain to A. Dangeardii , since its shape and surface markings 
are also to some extent comparable, although the dimensions of my strain are less. 1 A 
change of name may become necessary if the true A. Dangeardii is rediscovered. 

The strain also shows a certain resemblance to my A. gramdata , which is, however, 
usually broadest near the anterior end, is liable to strong torsions and possesses the short 
posterior prolongation; and to A . gomphonema , which, however, is considerably smaller 
and never possesses a pointed posterior end. 

(9) Material from the neighbourhood of Sao Paolo in Brazil from water with rust-red 
mud. 

(10) Multiplies well in putrefaction cultures with substances rich in starch and covered 
by soil. 

6. Astasia fustis n.sp. (Fig. 6) 

(1) In the free-swimming condition the body is approximately club-shaped (hence the 
specific name), the thicker end being that which bears the flagellum, while the posterior 
end is gradually narrowed or cylindrical, but not acute or prolonged. The anterior part 
may possess nearly parallel edges up to the foremost extremity which is somewhat 
narrowed. Front end broadly truncate, but not with an elongate neck as in the other 
species of the A. curvata group, being often thicker there than immediately behind. 

There is no funnel at the base of the flagellum, but a narrow channel The gullet could 
not be detected among the numerous paramylon grains, even after fixation and staining. 

While swimming freely the cell rarely undergoes metabolic changes of shape, although 
sometimes it is somewhat curved. Under a cover-glass there is no free swimming, but 
lively metabolic movements are observed, with strong torsions and flattening as well as 

1 The great range of size given by Lemmermann suggests that his material of A. Dangeardii was not 
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spherical metaboly, similar to that of Distigma proteus. The contorted shapes often appear 
rather regular, but while creeping the cell usually becomes more irregular. 

(2) Length 70-85 fi, breadth 9-12 /x. # 

(3) Striation often very distinct, but sometimes delicate and only visible at the margin 
of the optical cross-section. 

(4) Flagellum shorter than the cell, about three-quarters of its length. Sometimes 
straight, so that it can be measured: 56-60 /x. 

(5) Nucleus subcentrical, mostly somewhat behind the centre, no carvosome visible 
in the living condition. 

(6) Paramylon grains, as usual, broadly elliptical and compressed, sometimes in part 
elongate, rarely even nearly needle-shaped, most situated in the anterior part. During 
metabolic contraction the grains assume a different position according to their situation 


Fig. 6. Astasia fustis n.sp. This is the largest metabolic Astasia hitherto found; the larger figures show the 
shapes seen in free-swimming individuals, the smaller ones the metabolic changes resulting from distur- 
bances. 


in the cell. In elongate cylindrical parts of the body the long axis of the paramylon grains 
is parallel to that of the body, in rounded ones at right angles to it (cf. Fig. 6, individual 
in the right lower comer). 

In addition to the oval paramylon grains small exactly spherical granules are often 
found, similar to those in the cells of A. granulata and of Memidium. They occupy the 
posterior part of the body, 

(7) The swimming movement, as long as undisturbed, is steady, although not very 
rapid, and sometimes spiral owing to a slight bending of the body. 

(8) Similar to A. fustis is A . granulata which, however, is half the size and possesses a 
posterior process which is mostly not found in A, fustis. Further, it is not as elongate as 
the latter when swimming freely. A. Klebsii Lemmerrn. is very similar, but differs in its 
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torsions which rarely cease even during swimming and in its mostly narrowed, not 
broadened, front end; my strain (cp. 1936, p. 65) also in its smaller dimensions; according 
to the original diagnosis by Lemmermann its striation should be very faint, which is often 
well marked in A. fastis. Korshikov’s (1928) A. Skadovskii , the length of which is about 
70 /x, is similar to A. fastis in shape and behaviour, but its front end ‘terminates with a 
large and widely open funnel with the mouth attaining 5-6 /x in width'. 

(9) Obtained first from mud with a variety of interesting flagellates, sent to me by 
Prof. T. M. Harris, University of Reading. In the enrichment cultures it occurred 
together with Rhabdomonas costata and Astasia Harrisii. 

(10) Putrefaction cultures with starch-containing substances, soil and chalk. 

Other strains were found in a garden pool in Cambridge and in a ditch at Cherry 
Hinton near Cambridge. 



7. Astasia gomphonema n.sp. (Fig. 7) 

(1) The most characteristic shape is like that of certain species of the diatom genus 
Gomphonema , i.e. there is a large nearly spherical ‘head* and a smaller pear- to club- 
shaped ‘body' with an intermediate constriction. There is often also resemblance to the 
body of an ant. The cell can sometimes 
be more elongate, the major part becoming 
nearly cylindrical with a slight conical 
narrowing towards the back end. The an- 
terior end, however, always remains 
capitate, while the posterior end is never 
pointed. Cells mostly straight, rarely as- 
suming the form of a slightly curved club. 

When strongly contracted a median en- 
largement may develop which may even 
become larger than the ‘head', so that the 
ant-like shape is attained which is so striking 

m freshly mounted preparations, which more or j ess twisted, but this could not be depicted 
have not yet assumed their normal con- satisfactorily in outline drawings. 

dition. Finally, strongly metabolic cells may become nearly violin-shaped, with a slight 
torsion, or even flattened with a lemon-like outline. This marks the highest degree of 
contraction. ( 

(2) Length 22-25 /x. 

(3) Striation oblique and very delicate, but distinct and with relatively wide inter- 
, spaces between the striae, 

( 4 ) Flagellum of about the same length as the uncontracted body, easily shed. 

(5) Nucleus in the central or posterior part of the body, transparent; the caryosome 
becomes visible after addition of iodine. 

(6) Paramylon grains short cylinders, often angular, all of about the same size, except 
towards the posterior end, where they tend to become scantier and smaller. 

(?) Manner of swimming not characteristic, 

($) Difference# from A. inflate are the more delicate striae, the longer flagellum and 
absence of large stratified paramylon grains; from A. clava the absence of a true 
oWWtke shape, not drawn out into a long posterior process. 
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(9) From the 4 Obersee 5 and 'Untersee 5 near Lunz In Lower Austria, living in rather 
pure water, not in mud. 

(10) Putrefaction cultures with starch-containing substances and soil 


8. Astasia gramilata n.sp. (Fig. 8) 

(1) Among the small species this is the one that exhibits most change of shape. During 
all metabolic variations, however, a nipple-shaped posterior stump nearly always persists 
and constitutes the most characteristic feature of the species. Only when the highest 
degree of stretching is realized, does the narrow back end gradually merge into the main 
body, but mostly it is distinctly demarcated and persists as a special tail even after fixation. 

A characteristic shape is lageniform, the broader and narrower ellipsoidal portions 
being separated by a shallow median waist. The somewhat truncate anterior end can 
then be compared to the bottom of a 
wine bottle, while the 'tail 5 is equi- - — 

valent to the neck. When the cell is most V, '■ 

strongly stretched, it may assume a long \ ^ °° o ^ 
club-shaped form, the flattening at the 

flagellar pole and the small point at the V.._ ^ l 

opposite end, mostly remaining pre- \ 

served. Nearly cylindrical to carrot- ^ - J 

like shapes are also encountered. When f 

strongly contracted the middle part of ? C"" 

the cell is rounded, while the ends are j J Tr oL V v 'y 

shortly cylindrical, the whole body f J / J ^ ] i%N \ ^ : X 

resembling a Chinese lantern, though rj ^ 

in general somewhat twisted. Torsions F /' y^* 

are altogether to be seen in all meta- ^ ^ 

t i- c 1 • 1 , r ,, Fig. 8 . Astasia gramilata n.sp. The small spherical 

bollC forms W hich are not fully g ranu } eSj to which the specific name is due, are accumulated 
Stretched. After Strong disturbance the in a characteristic manner in the back end in nearly every 

flagellum is shed and spherical meta- cel1 as lonR “ the cultures are not t0 ° old ’ 
boly, accompanied by protoplasmic streaming, is seen. The anterior end, which nearly 
always remains broad, and the posterior end with its blunt process, mostly lie in one 
straight line; the body as a whole is therefore not curved. 

After fixation in formalin, corrosive sublimate or osmium tetroxide, the shrunken 
cytoplasm usually separates from the stiffened periplast, a feature not seen in other species. 

(2) Length when extended 30-40 /x, breadth 8-1 2 /x. 

(3) Striation not very dense but distinct, for the most part readily recognized even with 
medium power magnification. 

(4) Flagellum up to the length of the body. 

(5) Nucleus generally in the middle or somewhat behind, recognizable as an area free 
from paramylon grains. Caryosome visible only after fixation. 

(6) Paramylon grains for the most part small and ovoid, some also flattened and lying 
opposed by their fiat faces. These grains usually fill the cell from the anterior end to the 
neighbourhood of the nucleus. Some of them may be distinctly longer than the rest. 

In addition, innumerable exactly spherical small granules, all of almost the same size, 

New PhytoL 41, 3 l i 



>t ' ' * * - 


E. G. Pringsheim 

occupy the posterior part of well-fed ceils. Hence the specific name. I am not certain 
that they are of the nature of paramylon, although they present the same appearance and 
hke the latter, are not coloured by iodine. In rare instances, probably in starving cells’ 
they are lacking or, on the other hand, fill the entire cell. In such a case they replace the 
larger paramylon grains, or again, in the posterior end their place is taken by a fine grev 
mass which cannot be resolved with the microscope. These small spheres often extend to 
the region where the structures, which are readily recognized as paramylon, begin but 
m rare cases they may also occur intermingled with them. They strongly resemble the 
small spheres found in the species of Menoidium (Pringsheim, 1936, pp. 58, 70 et seq ) 


(7) The manner of swimming shows no peculiar fc 
m uncovered drops derived from densely populated 

(8) 1 here is a certain similarity with my strain oi A. I 
with A Klebsii, which, however, is less distinctlystriatec 

(9) Has been raised in cultures of material from tl 
growth on Typha in the ‘Grossteich’ (large, lake-lik< 
Bohemia. (2) Semi-permanent rain pool on a shadow* 
land Pool above Lunz am See in Lower Austria. (4' 

(to) rhrives well in a diversity of putrefaction a 
and with protein material, such as cheese, etc 
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actually spiral. Front end similar to that of A. curvata and A. torta. The broadest part 
of the body is in front of the middle, while the posterior part gradually narrows, the back 
end being nearly cylindrical. 

While swimming freely there is usually not much change of shape, and the cells often 
appear almost rigid. The metaboly then consists only in alterations in thickness and 
curvature, but when the cells cease their forward movements, even without shedding 
their flagella, the posterior end may undergo striking sinuous changes of shape, while the 
outline of the anterior end remains nearly as before. This metaboly of the posterior part 
is accompanied by lively protoplasmic streaming throughout the whole cell, in tire 
course of which the paramylon grains are likewise moved to and fro. No distinct torsions 
and no spherical metaboly. 

Behind the slightly protruded and funnel-like front end, the gullet is sometimes 
visible. It is remarkably small. 

The shape of this species depends much on the surrounding conditions. These influences 
cannot be satisfactorily defined yet, owing to the fact that A. Harrisii could not be grown in pure 
culture. 

We can, if we like, discern four Tormae’: 

(1) f. taeniformis , a modification with a flattened body, similar to that of A. curvata Kiehs. 
It occurs often in cultures with starch and Soil. 

(2) f. serpens , found in very old cultures with starch and soil, and characterized by its metabolic 
back end. 

(3) f. lunula, typical for cultures with cheese. This modification is considerably shorter and 
thicker than the others. 

(4) f. elongata , as found in cultures with one wheat grain and soil. Body very slender, faintly 
and. irregularly curved. 

For all these cp. Fig. 9 and its explanation. 

(2) Length of the stretched body 45-65 /x, breadth about 5-6 /x. 

(3) Delicate striation may be visible above the nucleus and the gullet, where the 
paramylon grains do not interfere with transparency as much as in other regions of the 
body, but scarcely at the margin of the cell as in other species. 

(4) Flagellum about one-third of the length of the body. 

(5) Nucleus central or a little behind the centre, somewhat compressed. In the living 
cell the caryosome is' not visible. 

(6) Paramylon grains usually only in the anterior part, often extending to the nucleus, 
sometimes even to the back end, elliptical, somewhat flattened. 

(7) The cell in movement pursues a spiral course owing to the curvature of the body 
which rotates on its long axis while swimming. No creeping. 

(8) There is a marked resemblance to A. curvata in the shape of the front end and the 
curvature, but the kind of metaboly is different, and the new species is larger than ray 
strain of A curvata . According to the figures reproduced by Lemmermann ( 192 : 3 ), 
‘ Menoidium tortuosum ’ Stokes (cf. p. 32) seems to be similar in size and shape to A . 
Harrisii , but it is stated to be rigid. If free-swimming individuals only were examined 
and the metaboly had escaped notice, our new form might erroneously be referred to 
. Menoidium . 

(9) Derived from the same enrichment cultures as A.fustis from Reading and from a 
garden pool in Cambridge. 

(xo) Putrefaction cultures with starch and soil and a small quantity of chalk. 
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w ana auguuy curvea wane swimming ireeiy, rounded at the anterior 

gradually narrowing to the posterior end, but not pointed and without a pronounced 
process. While swimming, the posterior end may also become somewhat thickened so that 
the cell comes to be nearly cylindrical. Lastly, the posterior end can also undergo a 
button-like thickening. Torsions occur but no median constriction. The insertion of the 
flagellum is slightly lateral. 

(2) Length of the body after fixation in Flemming’s solution, when elongated, 22-2 c « 

breadth 5-6 fi. ’ 

(3) Oblique striation, very delicate. 

(4) flagellum about as long as the uncontracted body. 

(5) Nucleus about in the middle of the cell, difficult to recognize during life and like 
the caryosome clearly visible only after staining. 


p. rsucleus not readily detected. Fig. n. Astasia tart t 7 n r rk« + 1* 

die paramyion grains is obvious, 

by a limited number of figures, while the constantly ch 
torm cannot be depicted at all. 

la.C in ,l d :r te ? " d ; sha P' d ’ ”«■»« stratification but often showing 
iation, the cause of which is not clear. ® 

STolaff ' T” Wh “ SWimminS ' ° ,herWiS ' ”° features. 

. th3t ° f A ' comma > but *e cells are smaller and less distinctly 
icleus hes nearer to the anterior end. custmctly 

alder-marsh by the ‘Untersee’, Lunz. 

well in putrefaction cultures with starch-containing material covered with 
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anterior end then being somewhat flattened and twisted. At times the surface of the body 
is irregular with rounded protrusions which are not caused bv paramvlon grains. 

In microscopical preparations the cells mostly appear almost flattened and ribbon-like 
and twisted as a whole through 180°. As a result of strong disturbance the body then 
becomes curved, so that the anterior and posterior ends do not lie in the same straight 
line but are inclined to one another at an angle of about 100-120°. Even then, however, 
not more than half a torsion is evident. The short almost cylindrical tail does not disappear 
even during the strongest metaboly. 

During fixation the body may become stretched so that the torsion disappears and an 
almost rod-like shape is assumed, such as does not occur in living cells. Spherical meta- 
boly, protrusion of thin parts of the body and creeping movements on a solid substratum 
have not been observed. 

(2) When fully extended the cells have a length of 30-38 /z and a breadth of 7-8 /x. 

(3) Striation, usually distinct, oblique, not of the same kind in all cells, sometimes very 
delicate. 

(4) The flagellum is robust. Its length can be estimated, since it becomes rigid and 
straight in a solution of methylene blue like the flagella of Menoidium or Rhabdomonas ; 
it is about that of the body or slightly less. 

(5) The nucleus is about central 

(6) Paramylon grains small, rounded rod-shaped, in part 3-4 times as long as broad. 
The posterior part of the cell usually contains only minute granules in small numbers, so 
that this part of the cell appears almost empty. 

(7) The manner of swimming is not very characteristic. It is rather slow, especially 
in cells that are appreciably curved. No creeping. 

(8) There is a certain similarity between this species on the one hand and A. Klehsii 
and A. curvata on the other, the new species occupying almost a middle position between 
the two. It is not as long and not as markedly twisted as A. curvata and does not curve to 
the same degree. From A. Klebsii it differs in being markedly ribbon-shaped, in its 
curvature and in the lesser breadth of the anterior end. Furthermore, A. torta is smaller 
than the two other species. 

(9) It was reared for the first time from material from a highland pool at the Plocken- 
stein above Lunz, which on immediate investigation displayed only Trachelomonas . Two 
other strains were isolated from ditches of the Kummerteich meadow near Hirschberg in 
Bohemia, where Trachelomonas , accompanied by Desmids, was likewise observed. A 
fourth strain was obtained from material growing on stems of Typha in the Grossteich 
near Hirschberg. 

(10) Multiplies well and quickly in all kinds of putrefaction cultures with starch- 
containing substances. 

12. Astasia linealis mihi (Fig. 12) 

No figures of this species were published in the earlier communication (1936, p. 78), 
since that of Klebs (1883, Tab. II, fig. 10) seemed to be satisfactory. But as several 
similar forms have been detected, I am now giving drawings of iny strain showing also 
the vacuolar system which is particularly well seen in this species. 

The inner part of the large gullet is nearly spherical, and the reservoir is immediately behind 
it. The two are separated by a plasma-lamella which is plane as a result of the mutual pressure. 
After some time this lamella suddenly breaks, and the rounded posterior margin of the reservoir 
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shifts rapidly forwards until it vanishes, while the liquid contained in it is poured into the gullet. 
Immediately afterwards a new reservoir is constituted which at first is very small, with an ill- 
defined margin. No accessory pulsating vacuoles could be detected. 

In Euglena acus the vacuolar system is altogether similar except for one feature. The reservoir 
here lies not directly behind the gullet, but to one side, and the intervening plasma-lamella is 
much smaller. The difference may be due to the fact that the gullet is respectively central and 
oblique in the two species. 

From a reference of Skuja’s (1939, pp. 111-12) I gathered that Korshikov (1917) has 
described a Cyclidiopsis acus which may possibly be identical with Astasia linealis . Skuja 
found this species again, but both his and my forms had an elongate nucleus unlike the 
spherical one drawn by Korshikov. It is probable that his observation is erroneous. 



Big. 12. Astasia linealis mihi. (1) Normal individual with few paramylon grains, from a healthy culture 
fx IOO °)* (2)5 (3) Front ends of two individuals from the same culture, somewhat more magnified to show 
the mechanism of the contractile vacuole. (2) Shortly before the liquid is discharged from the reservoir 
into the gullet, (3) soon after discharge when a new reservoir is forming. (4) Posterior end of a cell, on the 
same scale. (5) Front end of an individual with plentiful paramylon. (6) Strongly curved individual 
( x (7) Injured and swollen, but still living individual, from the sediment of an old culture ( x 500) j 
such cells may again become healthy under favourable conditions and resume division. 

Skuja cites four characters in which Cyclidiopsis acus is claimed to be different from 
Euglena acus hyalina , an apochlorotic variety first described by Klebs and found again by 
Skuja. I did not see it and have only been able to compare two green strains of Euglena 
acus with my Astasia linealis . (1) According to Skuja the chief characteristic of Cyclidiopsis 
acus is the central gullet, while Euglena acus and its hyaline variety have a one-sided one. 
But the degree of eccentricity varies greatly among the forms belonging to the group or 
collective species Euglena acus * Cyclidiopsis acus corresponds only to one extreme. The 
strains of Euglena acus I could compare possess a nearly central gullet, not located as 
much to one side as in the figures given by. Skuja (Tab. VI, fig. 6-10). (2) The sausage- 
shaped nucleus of Cyclidiopsis acus is a valuable characteristic, but the difference in this 
between C. acus and Euglena acus is in no way so considerable as Skuja supposes. 
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The nucleus of my strain of E. acus is in life likewise a cylinder with two rounded ends, 
though it is not so elongate as that of Astasia linealis. (3) A comparable difference is 
found in the paramylon grains. Skuja speaks of them as 'quite different in form’, but 
in every strain of the Euglena acus group they are rod-shaped and more or less thin and 
pointed according to the quantity of paramylon that has been stored. Those of Astasia 
linealis are more needle-shaped, it is true, but the difference is again only one of degree. 
(4) Cyclidiopsis acus is described by Skuja as completely rigid, while Euglena acus hyalina 
shows a slight degree of metaboly. My strain of Astasia linealis is liable to exhibit curva- 
ture like my Euglena acus. 

In order to explain why I do not agree to the separation of Cyclidiopsis as a distinct 
genus I will enumerate the features which are common to Astasia linealis and the other 
members of the Euglena acus group: (1) The highly elongate shape which in E. acus 
longissima 1 is as slender as in Astasia linealis . (2) The posterior spinous process which 
under certain circumstances adheres to the substratum by its tip. (3) The presence and 
the shape of the stigma, although it is fainter in A. linealis than in Euglena acus . (4) The 
type of metaboly with curvature of the body, while the spine remains straight and is 
merely bent to one side. (5) The very delicate oblique striation. (6) The more or less 
cylindrical shape of the nucleus. (7) The shortness of the flagellum. (8) The rod-shaped 
paramylon grains. (9) The vacuolar system. 

For these reasons I adhere to the name Astasia linealis as long as the difference between 
Euglena and Astasia is based only oh the presence or absence of chlorophyll, and I 
cannot accept the genus Cyclidiopsis. The specific name acus is likewise unsuitable, since 
my form seems to be slightly different from that described by Korshikov. 


13. Astasia longa mihi (Fig. 13) 

Lastly, I wish to refer again to Astasia longa , of which I give new figures showing the 
typical state exhibited by the cells when moving in a drop of culture medium without a 
cover-glass (Fig. 13 A). Lwoff & Dusi (1934) have also isolated a clone of this species 
and described it under the name A. Chattoni . 

My continued use of the name I gave to the species does not imply any lack of respect towards 
Lwoff or Chatton. When, however, Provasoli (1937-8, p, 77) claims that the name A. Chattoni 
has priority in accordance with the rules of nomenclature, he is mistaken. As I explained 
already in 1936 (p. 94), Lwoff & Dusi published no figure, and their description was insufficient 
to such a degree that no one would have succeeded in recognizing the species. I myself would 
have been unaware that it was identical with A. longa had not Lwoff had the kindness to send me 
his strain. The double name is therefore not, as Provasoli believes, due to the lack of knowledge 
on my part of the paper of Lwoff & Dusi, as will be apparent from my addendum (1936). 
Provasoli is also mistaken concerning the differences in the statements as to the dimensions of 
the cells. They do not depend on my strain being longer and narrower than that of Lwoff & 
Dusi. Both are completely identical with one another and with four strains which I have isolated 
since, but I thought it essential to measure fully extended individuals, because data obtained 
otherwise are not of much value. These remarks appeared necessary because there is a risk that 
the same organism may be referred to in the literature under two different names. 

Having made further studies of A. longa I have to add certain corrections and additional 
details: (1) Striation. It has been stated that A. longa has a smooth periplast, but if the 
fixed cells are allowed to dry on the slide and are then covered with a colloidal dye, very 

1 This * variety ’ and the ‘species’ Euglena acutissima are probably mere modifications of E. acus ... 
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faint and delicate striations become visible. The best results were obtained with collargol 
and with Klein’s silver-nitrate method (Klein, 1930). It seems probable that spiral 
striations are not lacking in any member of the Euglenineae. (2) The position of the 
nucleus was given as ‘mostly behind the middle’. In a newly isolated strain it struck me 
that the gap between the paramylon grains pointed to an almost central position of the 





Fig. 13. Astasia longa mihi. A. Typical individuals of the species which nearly always show the posterior 
process ; in an earlier communication I published drawings of not quite typical individuals w r hich has given 
rise to misunderstandings. B. Var. truncata n.var. Cells always devoid of the pointed posterior process. 
Single individuals of the type may be mistaken for the variety; in order to determine that the variety is 
unable to form the posterior process numerous cells from many cultures had to be examined. C. Cells 
of the two forms for comparison (semi-diagrammatic). 


nucleus. Renewed examination of several strains proved that this is often the case, so 
that it is better to say : nucleus central or behind the middle. (3) Flagellum. My earlier 
statement as to the length of the flagellum agrees with that of Lwoff & Dusi, taking into 
account that they observed cells which were not completely extended. Actually, however, 
it is longer, as I have found by the examination of several strains and may even reach a 
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length of 35 ft, while the body has a length of about 55 ft. I have previously described the 
flagellum of A. longa as ribbon-shaped. As Vlk (1938, p. 469 et seq.) has recently shown, 
all Euglenineae probably possess the ciliate flagellum already demonstrated by Fischer 
(1894) and Mainx (1927, p. 311). This will also be valid for A. longa , the border of cilia 
giving the impression of a ribbon. (4) Shape of the body . Especially characteristic is the 
elongate, almost cylindrical form with the oblique anterior truncation and the posterior 
apiculus. The latter on rare occasions is drawn in, and it seems to be lacking completely 
in a new strain (cf. Euglena gracilis var. urophora , Provasoli, 1937-8, p. 23, Figs. 13 and 
14 and p. 74). Since this strain agrees in all other respects and also multiplies in an 
acetate-peptone medium, a separation from the ‘main species' is scarcely possible. This 
form, which has proved to be constant, may be described as A. longa var. truncata 
(Fig. 13 B, C). It is derived from a sample collected in the neighbourhood of Hirschberg 
in Bohemia. 


(3) Table for identification of species 

An identification key, such as is usually most suitable for practical purposes, is not 
feasible here, because the species of Astasia cannot be distinguished without taking 
into consideration several characters. The grouping adopted in the following scheme 
cannot be regarded as more than an imperfect attempt. 

Group 1. Cells elongate and slender, rather large, liable to strong torsions. Anterior end 
protruded and transversally truncate. There usually is a short posterior process. 

A. Metabolic shape of the body ribbon-like. Flagellum shorter than the body. 

B. Body twisted during metaboly but not fiat. Flagellum about as long as the body. 

A. a . About 40-45 ft. The shape, which has given the species its name, is that generally seen 

in a microscopical preparation. Cells appear narrow, ribbon-shaped, twisted several 
times. When strongly contracted the ceil as a whole is curved in an approximately semi- 
circular manner. Under a cover-glass this shape is kept for a long time and the 1 normal 
form is never seen. In an open drop, however, the cells straighten after a while and then 
do not betray any curvature or twisting. Striation distinct, though delicate. Flagellum 
two-thirds of the length of the body. Anterior end broadly protruded. No spherical 
metaboly. A. curvata Klebs. 

b. About 45-65 /x. Similar to A. curvata , but usually less ribbon-shaped and twisted, only 

slightly curved to one side, sometimes in two opposite directions. When swimming 
undisturbed almost straight. Striation hard to recognize. Flagellum one-third the length 
of the body. Anterior end protruded like a broad neck. Posterior end may exhibit 
snake-like movements. No spherical metaboly. A. Harris!! n.sp. 

c. About 30-38 ft long, less twisted than a , torsion through no more than 180°. If swimming 

freely, slender and straight. Not bent more than in an obtuse angle, even when strongly 
contracted. Striation faint, not visible in all cells of a population. Flagellum nearly as 
long as the body. Anterior end little protruded, appearing as a narrow truncated neck. 
No spherical metaboly. A* torta n.sp. 

B. d . About 40--50/Z, rarely distinctly ribbon-shaped, often twisted several times, not like a 

cork-screw but round the longitudinal axis of the body. If the cell swims undisturbed 
the spiral twisting gradually disappears and eventually the body becomes straight and 
club-shaped. Striation hard to recognize. Flagellum about as long as the body. Anterior 
end broadly protruded and truncate. Spherical metaboly and creeping movements 
frequent. A. Klebsii Lemm. 

e. About 70-85 /x. Similar to A . Klebsii. Never ribbon-shaped. Torsions similar to those 
of ' d\ but less marked. When swimming undisturbed resembling a club with a thick 
end. Metaboly with pronounced torsions and creeping movements with spherical con- 





tractions occur. Striation more distinct than in c d\ Flagellum about three-quarters the 
length of the body. Anterior end always broadly truncate. A. fustis n.sp. 

/. About 30-40 ft. This species does not quite conform to the diagnosis of the group but it 
reveals a relation to A. Klehsii. Cell never ribbon-shaped. Torsions during metaboly very 
strong. During free swimming they disappear after some time, and the body becomes 
club-shaped but the truncation of the anterior, and the nib-like process at the posterior 
end mostly remain distinct. A. granulata n.sp. 

A. granulata , A . Klehsii and A. fustis can be arranged in a series of growing size and appear to 
be somewhat related. All these three species contain pearl-like granules in the posterior part of 
the body. There is no strict proportionality between the size of the body and that of the flagellum, 
so that the relative length of the latter is least in the largest and highest in the smallest species. 

^ Group 2. This group contains numerous small species which are difficult to distinguish. 
Common to all of them is the pronounced metaboly, with little tendency towards flattening 
or torsion. While swimming freely the cells generally appear comma-shaped, exhibiting a slight 
curvature of the club-shaped body. 

a. Length 20-25 jx, broadly club-shaped, rarely slender and almost straight, but mostly curved. 
This species shows the greatest tendency to flattening and torsion among the group. In the 
anterior part a demarcated ‘head* can appear, similar to that of species ‘ d\ Anterior end 
oblique. Flagellum one and a half times as long as the body. Striation very delicate. 



A- clava 

k. Length 28-32/1. More slender than the preceding species, generally curved, front end not 
oblique. Flagellum as long as the cell, striation distinct. A. comma. 

c ' ^- n g t h 3 °~ 3 S/ X - Broadest part of the body approximately in the middle, front end not 
oblique. Flagellum shorter than the cell. Striation distinct. A. Dangeardii var. minor. 
it. Length 22-25 l L - Club-shaped, straight, usually somewhat truncate in front. Flattening and 
torsion at the most faintly indicated. Flagellum about as long as the body. Striation dis- 
tmct. ^ 

e. Length 16-20^. Anterior end relatively very broad, usually transversally truncate. F Cur- 
vature rather considerable. By 'thickening of the back end the body may become cylindrical 
Stnation distinct A. cylindrica. 

J. .Length 22-25 F- Front end rounded, capitate and demarcated from the body. The latter 
often with a second inflation in the middle. Cell generally not curved. Flagellum at the 
lo £f as the bod y- , Striati °n distinct. A. gomphonema. 

; hlS . gr0 , up ‘ s rat her closely related to the preceding one. The characteristic means 
le ? “ , the broad > flattened shape, which has provided the specific names of the 

rhrA nC Ud ,T e a u d 1S ? sumed alread y “ a result of slight mechanical disturbance, 
ft regularly observed in cover-glass preparations. Other types of metaboly only 

appear after greater chemical stimulation. y y 

a ' nvnb/LLf'fl. f ? ,ag ?° 1 S af ! er Skuja , (I 939 . P- 105).. While swimming freely elongate 
truncate at th atte " ed ’ S l lgbt y curv ' ed - Metaboly stages ovoid, slightly protruded and 

of r:^ e r r° r ei } d ’. narr ° wed but rounded Off at the posterior end. In the middle 
of the cell two to three relatively large rod-shaped paramylon grains. 

b ' mmfLondt 20 ^; W t H t e “"gM obliquely club-shaped, mOTemfnTrapihWhen 
ParLvlon ^ T b TV S qU te flat and the outline bec o m es lemon-shaped. 

Sk^ma^t 1 ’L P J tlV y krge but short rods - Tbe description and drawings of 
" j k 1 clear that these two varieties, which differ in size, are otherwise very similar. 

never rounded tn t broadened at the anterior end in a spotn^eYmTn^ 

never rounded m cross-section, usually not curved. Paramylon grains small. 

obl^lSSofXT 11 * be f ablished - Astasia tog* with a cylindricd bodfaTd 3 an 
the time tfnTS •? togdhim; and A. quartern with a lip-like protrusion and a stigma for 

gracilis Nothin^ mnsfilll d T°f g Astasiaceae but bet ray some relationship with Euglena 
8 -Nothing can still be said of certain species described by Playfair, Skuja and others. 
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Parallel to Astasia linealis there is, according to Klebs (1883, pp. 291 and 309), a variety or 
species of the Euglena acus group without chlorophyll which possesses an eye-spot and one 
devoid of it. Forms with eye-spots have been described and figured by Korshikov (1917), 
Playfair (1921, p. 136, Tab. VII, fig. 3). Dangeard (1930) and Skuja (1939, p. 101, Tab. VI, 
fig 10 and p. in, Tab. VII, figs. 11, 12). Since the green parallel species Euglena acus, appears 
to be an aggregate with many different subspecies, other apochlorotic forms belonging to this 
group may probably be found. / 


V. The genus Distigma 

The type of the genus Distigma was established by Ehrenberg (1838, p. 1x6) for D. 
proteus , which was until recently the only known species. Since it was not described quite 
correctly, the whole genus requires revision. 

According to the diagnoses and illustrations (Senn, 1900, p. 117, fig. 128 B; Lemmer- 
mann, 19x0, p. 540, fig. 12), Distigma would differ from Astasia only in possessing a 
stump-like flagellum besides the long locomotor flagellum. After finding three new species 
in addition to the one recently discovered by Skuja (1939, p. ns)» it: is P 0SSlble t0 & ive a 
more adequate description of the genus. 

The species show the following common features: in four of them the cytoplasm is 
very fluid which is related to the almost amoeboid changes of shape seen even during 
swimming. One is more rigid. The very delicate periplast shows a striation which is 
difficult to observe, while the nucleus is readily visible. There are two flagella, the longer 
directed forwards and the short one bent to one side. Paramylon grains small. 

As regards the relationship of the genus, its common features are too distinctive and 
peculiar to warrant placing it very close to Astasia . Not only the accessory flagellum, but 
also the low degree of viscosity of the cellular material are features which are never found 
in Astasia . 

It is tempting to interpret the relationship in such a way that Astasia , with a single flagellum, 
is regarded as being derived from Distigma, with two flagella, by the loss of the shorter one. In 
a similar way one might be inclined to derive Euglena from Eutreptia by regarding the bifurcation 
of the basal part of the flagellum as a relict of the biflagellate state. But we are here confronted 
with the same difficulties as in the apochlorotic genera. The peculiar, very active metaboly or 
Eutreptia is not found in the same form in any Euglena , and it is probable that other characters 
of the genus Eutreptia-Eutreptiella will be found which likewise do not conform to those ot 
Euglena . On the other hand, it seems possible that Eutreptia which agrees with Distigma m 
' possessing two flagella, the special kind of metaboly (Klebs, 1893, pr 359) and minute paramylon 
grains, may resemble the ancestors of Distigma. To establish this, however, further research 
is necessary. 

Just as few biflagellate green Euglenineae are known by contrast to the many uni- 
flagellate ones, there seem to be far fewer species of Distigma than of Astasia. In spite 
of vigorous search only two new species can be added to those previously described (one 
in two size variations) and both of these were only found once. 


1. Distigma gracilis n.sp. (Fig. 14) 

(1) Body, when swimming rapidly, like a long carrot, rounded at the front, slowly 
narrowing towards the back end which thins gradually but is not pointed. Body rather 
slender, hence the specific .name. The cell is nearly always curved to and fro, but not 
regularly as in a cork-screw. The little thickened anterior end is slightly notched in the 
middle at the point of insertion of the flagellum. Although the periplast appears delicate, 



the metaboly is not so pronounced as in the earlier described species. The posterior end 
may show a small button-shaped dilation, but this is not large enough to give rise to a 
spherical thickening of the whole cell or a major part of it. 


It often happens that the posterior part of the body or even almost the entire cell 
becomes cylindrical, while the spiral curvature mostly persists. The most regular forms 
have almost the appearance of a large Spirillum . Stronger contractions are only under- 
gone when there is considerable disturbance. Changes of shape may also appear during 
swimming, but only in the form of curvatures and limited torsions. 

Fixation with preservation of the body form was not achieved. After treatment with 
Flemming and with corrosive sublimate the protoplasm becomes opaque and the cells 
assume an unnatural bent rod-shaped form, at the same time shortening considerably. 
Formalin and iodine afford no better fixation. 



(2) Length of the body 30-36 /x, breadth 7-8 /x. Exact and reliable data cannot be 
furnished, because no measurement of the living and moving cell is possible. The cells 
are certainly smaller than those of Distigma proteus and larger than those of the two races 
of D, curvata previously described. 

( 3 ) Striation so delicate that it could not be recognized with the help of the available 
optical equipment. 

(4) I he longer flagellum is about as long as the body. The accessory flagellum is very 
short, about as long as half the breadth of the anterior end, i.e. about 3-4 /x long. As in 

the other species it is slightly curved and bent to one side. 

(5) Nucleus in the middle of the cell, like the caryosome distinctly visible. 

(6) I ai amy Ion grains rather characteristic, never present in large numbers, so that 
they are not in contact with one another. They are very minute in the narrow posterior 
part. Even the largest ones in the anterior part are rather small, although in most cultures 
they exhibited differentiation into a punctiform inner and an outer part. Other details, 
such as stratifications, could not be detected. In outline they are approximately ovoid. 
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(7) When drops were removed from very crowded cultures with starch and soil, 
conglomerates were formed. The movements within the swarm were tottering, owing to 
the curvatures and changes of shape. When swimming freely the motion is rather quick 
and constant, with rotation around the longitudinal axis. A ‘ trembling ’ movement like 
that of D. proteus (Pringsheim, 1936, 


p. 76) was rarely observed, despite the 
presence of the accessory flagellum, the 
behaviour of which during forward pro- 
gression could not be determined. 

(8) There is a certain resemblance to 
D. curvata, although this is shorter. Both 
species can readily assume a slightly 
curved horn-shaped form, but the 
slender undulate shape of the new 
species is a good distinctive character. 

Among the species of Astasia which 
are familiar to me, there is none that 
could be confused with Distigma 
gracilis. 

(9) Mud from the harbour of the 
Biological Station, Lunzer See. 

(10) Starch-containing material 
covered with soil provides very dense 
cultures. 


2. Distigma Serniii n.sp. (Fig. 15) 111) j 

(1) Body about club-shaped, pos- \ J \ / / 

terior end narrowing to form a handle- 

like cylindrical back end. Broadest part 

of the cell in the middle between front (J 

and hind end. Front rounded. Opening I 5* Distigma Sennii n.sp. Two large figures show 
of guile, median, slightly protruded and TSt™ 

funnel-like. Metaboly not very con- gullet and flagella 2000 times. Metaboly is far less pro- 

spicuous so that the body often appears n ™ d in this s ?!f ies . tban in D ' proteu f Eh " bg ' Four 
r ■ * hr small figures round the right upper corner show the greatest 

to be nearly rigid. diversity encountered in metabolic individuals. For com- 

(2) Length Of the body 45-50 u. P a £ son four , figures ara P together at the left side showing 

) ( a J J . differences between D. Sennn and D . proteus . They are 

( 3 / Striation not visible without found in opening of gullet, length of small flagellum, shape 

Special Staining. body anc k not shown in the figures, much more pro- 

'■/ < tv /r * n * ,, . , , nounced metaboly in D. proteus. 

(4) Mam flagellum shorter than the 

body. Accessory flagellum about one-tenth of the length of the longer one, but acting 
in the same way, slightly or distinctly curved to one side. Both appear to be of equal 
thickness. 

(5) Nucleus central, caryosome not recognizable without staining. 

(6) Paramylon grains small, ovoid, somewhat flattened, often found in the anterior 
part of the body only. 

(7) Movement like that of an Astasia , not palpitating as in Distigma proteus. 


spicuous so that the body often appears 
to be nearly rigid. 

(2) Length of the body 45-50 /x. 
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(8) This species is readily differentiated from every other Distigma and not very 

similar to any Astasia I know. , 

(9) Derived from deposit of decaying organic material at the bottom of a garden pool : 

at Cambridge. . • . , , .. 

(xo) Multiplies well in every kind of putrefaction culture, with starch as well as with 

wheat grains, cheese, etc., just like D. proteus. Very crowded cultures originate in a few 
week’s time. 

% 

Synopsis of the species of Distigma 

Among the strains which conform in size and shape to the type species, Distigma 
proteus Ehrbg., I have regularly found two features diverging from the usual diagnoses 
(Lemmermann, 1910, p. 540; 1913, P- and this induced me to create a new species: 

D. pseudoproteus (Pringsheim, 1936, p. 76). This possesses not a smooth but an obliquely 
striated periplast, and in place of the short ‘ functionless * flagellum there is a motile 
accessory one which is much longer than that shown in the drawings of D. proteus as 

given by Lemmermann (1910, p. 517, fig. 12). 

New investigations meanwhile have shown that my form actually is congruent with the 
original D. proteus Ehrbg. (1838, p. 116, Tab. VIII, fig. IV). The confusion concerning 
IX pseudoproteus was caused by various authors, such as Senn (1900, p. 117), Lemmer- , 
mann (1910, 1913) and others, referring two readily discernible species to D. proteus , 
the type of which is rather common while the other form is much rarer. This has been 
figured first by Senn (1900, fig. 128 B). Therefore I gave it the name D. Sennil Without 
intentionally searching for it I certainly found more than ten strains of D. proteus in 
materials from Bohemia, Slovakia, Bavaria, Holland and England before finding D . 
Sennil It occurred in an enrichment culture derived from material from a garden pool 
which contained some green Euglenaceae, such as Euglena acus , E ' oxyuris and E. viridis 
and a rich planktonic flora, the most abundant species of which was Selenastrum Ehren - 

bergianum. . 4 

Distigma Sennii is of about the same size as D. proteus , i.e. a length of 50-60 /x. The 
, differences between the two species are: 



D. Sennii 

Not changing shape much. 

Shorter than the body by one-half to one- 
third. 

Shorter flagellum about one-tenth of the 
longer one. 

Broadest part in the middle of the whole 
body. 

The front top is slightly broadened, the 
opening of the gullet funnel-like. 

Striation not visible. 

Movement uniform. 


D. proteus 

1. Metaboly very strong. 

2. Longer flagellum almost the length of the 

Body, ' Gy' ■ 

3. Shorter flagellum about one-third of the 
longer one, 

4. Broadest part of the body mostly near the 
front end, 

5. The flagellar opening at the anterior end 
is narrow, the furthermost top rounded. 

6. Striation delicate; 

, 7 . Movement jerking, 


There is no doubt about the meaning of Ehrenberg’s name because his figure 
Tab. VIII, fig. IV) evidently concerns the form described as D. pseudoproteus in my 
paper. Most of the figures given by other authors conform to the same species. 
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figure likewise is readily recognized as the form I name after him, although he gives the 
accessory flagellum even shorter than it is. The shape of the body is characteristically 
pictured and completely conform to my strain. Lemmermann in his first diagnosis of 
‘D, proteus 9 (1910, pp. 540-1) reproduces Senn’s picture in a reduced size without 
mentioning its origin. In his second description (1913, p. 158) he gives the same picture, 
adding erroneously ‘after Lemmermann’. 

Since the numerous strains of D. proteus , which have been examined from this point 
of view, agree with one another in all respects, it appears reasonable to withdraw the 
name D. pseudoproteus on the assumption that the previous diagnoses were not quite 
correct. Results of recent investigations by Lackey (1934), Hollande (1937) and Skuja 
(1939, p. 1 15) are also in agreement with this opinion. Hollande’s results altogether fit my 
strains, as far as can be judged without repeating his cytological investigation. His state- 
ment that the shorter flagellum is the actual organ of locomotion even surpasses my 
conclusion that it is by no means a functionless structure, a conclusion confirmed also 
by the observations of Vlk (1938, p. 47). He not only states that the shorter flagellum is 
not a mere stump and that it is about one-third of the length of the longer one, hut 
points out that it even has the same structure. Like the main flagellum it is covered along 
one side by cilia. 

In addition to the four species known to me, there is also the one established by 
Skuja (1939, p. 115). There are thus at present the following species of Distigma: (1) The 
large and very common D. proteus Ehrbg. emend. Pringsheim, length 50-55 n. (2) D. 
Sennii , which I found only once. It is of about the same size but is almost rigid. (3) The 
rare, smaller D. gracilis, 30-36 /x. (4) The frequent D. curvata mihi, found in two size 
variations, with a length 15-18 and 1 8-25 /x respectively . Both varieties have been found 
again by Skuja (1939, p: 114). (4) D. globifera Skuja, 20-24^ long. 


VI. The genera Menoidium and Rhabdomonas 
(1) General discussion 

The genus Menoidium was established by Perty (1852) and was based on M. pellucidum. 
I have not seen this species in the form figured by the author (reproduced by Lemmer- 
mann, 1913, p. 158, fig. 331). The form, which I previously called by this name, looks 
somewhat different, and so do drawings published by other authors. The existence of a 
considerable number of similar forms is proved by my strains, as well as by those described 
by other authors. 

Klebs (1893, p. 360) referred the Rhabdomonas incurva of Fresenius to Menoidium , 
although in his big memoir on Flagellata (1883, pp. 294, 323) he still called it by the 
original name. I do not think this was a profitable decision. Where there is a reliable 
and natural distinction, it is better to maintain it. Although I followed Klebs at a time 
when my knowledge of these forms was inadequate, I prefer to change the names of 
certain species before it is too late. The genus Menoidium, in the limits at present usually 
adopted, includes the strongly flattened species which are related to M, pellucidum and 
the more or less cylindrical ones which centre around M. incurvum. No intermediate 
forms are known between the two groups, and the morphological gap between them is 
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19 ■nil, would therefore be advantageous in the future to refer to Menoidium 
appreciable. It wou of p e ll u ddum, while for the non- 

only those species whic corresp ,. ff appearance the old name Rhabdomonas 

flattened species wh.ch /'TfZSum tXjS by the consideration >ha, quite 
Fresenius is matntamed. Th. £«**£ ge L r , The generic names are. 

a number of species can am y MmMm arc actua fly about sickle-shaped 

selenl menseides- sickle-shaped moon) and dt.se of Rhahdononas more 

° r T e h“ mnetuLcteristics of the genus Menoidium are: Euglenineae with a rigid 
flattetd body, devoid of chlorophyll. The outline of the cell when Pr< ° 

te broader faces as h The former corresponds to an . 

SuteTdge 7 thetoer to an obtuse one, the cross-section of the cell being a triangle with 

arTacute apex The shape can also be likened to the slice of an orange, ahhongh tt ts 
an acute apex, in P ^ ies wMl which p am familiar. The anterior 

*d“pr”ruded probably in all species. Viewed from the narrower ^“^stws^ 

few of the paramylon grains are strikingly large, being shaped like rods or elongate rings 
while near the^osterior end there are a large number of small and exactly spherical ones, 
By contrast the cells of Rhabdomonas are not flattened, but have the shape oi shg y 
curved almost terete rods. They possess a few, course, spiral ridges which at the anterior 
and posterior ends terminate in a contorted group. The flagellar pole is not pro ru e . 
The paramylon grains do not include especially large and striking forms, but the small 
IhericTgLules are found also in species of this genus Vlk x 93 8) has shown that 
T>L„hA rncintn rvtv Menoidium longum, possesses a ciliated flagellum. 


Menoidium cultellus n.sp. (Fig. 16) 

Qg species, this one is recognized at the first glance as belonging 
urn . It is characterized by the demarcated posterior end, which 
viewed from the broad side, and by the extreme 
the blade of a knife, hence the specific 
side the cell therefore appears 
terminal part is not 

j- 15 ) suggest a rather flattened body* 
i. But my strains, which in every 

Girewm.;- *.«: vr wB^sectlOli.. . 'rr* V' . 'fr"' 

pellucidum reproduced by Matvienko (i93°> * at) * 


is nearly square when the individual is 
flattening of the cell, which is almost as thin as 
name (cultellus -small knife). Seen from the narrow s: 
especially slender and rather pointed at the posterior end. The square 

t The figures of M. gihhum given by Skuja (i939* Tab. VII > I3‘ 
and the author believes this species is intermediate between the two groups, 
other respect are quite like Skuja’s form, are almost circular m cross-*-— 

2 These grains are represented in a drawing of M. \ 
fig. which shows a markedly curved cell and not the typical outline. 
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cylindrical. The anterior end, when seen from the narrow side, is slij 
a neck. 

(2) Length 40-55 /z, breadth 8-13 /z, thickness 3-4 /z. 

(3) Striation unrecognizable with the usual 
optical equipment. 

(4) Flagellum about as long as the body. 

(5) Nucleus at or behind the middle. Caryo- 
some invisible in the living cell. 

(6) Paramylon grains in part large long 
rectangular rods or elongate rings with a dark 
central line; the remainder small, rounded to 
rod-shaped. Pearl-like granules in the back end. 

(7) Movement combined with rotation so 
that both flat sides are visible in turn. Rarely 
vibrating without rotation. 

(8) While M. obtusum n.sp. is less protruded 
at the front and back ends than M. pellncidum , 
the opposite is true of M. cultellus. 

(9) The strain was reared from material 
obtained from a pond at Jevany near Prague, 
the mud being taken from a small bay from 
which the water had been drained leaving a 
number of pools. In the enrichment culture 
Distigma proteus was the principal accom- 
panying form. 

(10) Putrefaction cultures with starch- 
containing material and soil were mostly suc- 
cessful. Clone cultures were also easily obtained. 

2. Menoidium obtusum n.sp. (1936, p. 73, Pig. 8; and tug. 17 or mis paper; 

(1) Cells moderately flattened. The outline of the body, as seen from the broad side, is 
approximately that of a long bean, while the posterior third corresponds to about one- 
half of a narrow ellipse. In the middle the cell is 

sometimes a little ‘ bent’, but for the most part only ^ 

slightly curved. The anterior end* is little protruded / ! 

and does not exhibit a pointed projection, such as (j/yy 

is found at the front end in M. pellucidum , on the Li 

side of lesser curvature. Viewed from its narrow side, ^ 

the cell appears elongate naviculoid narrowing Wgj? 

uniformly to the rounded back end, while the front 

J 1*1 17 * Menoidium obtusum n.sp. 1 wo in- 

end is slightly protruded as a neck. I he relatively dividuals, seen from the broad and narrow 

plump form of the posterior end gives the name to Slde respectively, 
the species. 

(2) Length 30-37 /z, breadth 10-12 [i> thickness 6-7 / z . The dimensions vary appreciably 
even in clone cultures, which is probably due to the fact that the cultural conditions 
are not yet quite in conformity with the needs of the species. 

New Phytol. 41, 3 : ... H 


Fig. 16. Menoidium cultellus n.sp. One individual 
is shown from the narrow side to illustrate the 
marked degree of flattening found in this species. 
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(3) Striae delicate, densely placed, running at an acute angle to the line joining the 
flagellar and posterior poles. 

(4) Flagellum not quite as long as the body. 

(5) Nucleus behind the middle, but not near the posterior end, caryosome visible only 
after fixation. 

(6) Paramylon grains in part large, appearing as elongate rings with a dark median 
line, in part small and elongate to rod-shaped. The large grains are usually arranged in 
a row adjacent to the curved and thicker dorsal edge. 

(7) Movement with rotation around the longitudinal axis. When checked the cells 
swim with a wobbling movement without rotation, during which the rounded side is 
directed downwards, probably owing to the weight of the large paramylon grains. 

(8) Strains belonging to this species have previously been referred to M. pellucidum , 
but it differs from the type as described by Perty and Klebs in three respects: (1) The 
posterior end is plumper than shown in the figures of Perty, Klebs, etc. (2) The anterior 
end is not or scarcely protruded as a neck. (3) The flagellum is longer than is mentioned 
in the diagnosis of Lemmermann (slightly longer than half the body). The plumper 
shape of M. obtusum , comparing with the diagnoses of Lemmermann and Playfair, is also 
manifest from the measurements (Pringsheim, 1936, p. 72). 

The figure of Playfair (1921, Tab. 7, fig. 1), however, looks different from that of Perty, 
although in the description of the figure (p. 145) it is claimed to correspond to the ‘type’. It 
is possible to interpret it as an incorrect drawing of M. obtusum , but it probably represents 
another species. 



3. Menoidium bibacillatum n.sp. (Fig. 18) 

(1) Cells strongly flattened. The outline of the broad side of the body is similar to that 
of M. obtusum , but the back end is more or less rectangular with a rounded truncate 
termination. The form of the front end is about midway between that of M. obtusum 
and M. cultellus . The same is true of the shape of the whole cell, of the posterior and 
anterior parts, and of the cross-section. 

(2) Length 36-40^, breadth 10-12 jtx, thickness 5-6/*. 

(3) Striation very delicate. 

(4) Flagellum about as long as the body. 

(5) Nucleus central or behind the middle, caryosome invisible during life. 

The paramylon grains are characteristic, two being nearly always much larger than 

others, the one near the anterior end and the convex edge, the other almost parallel 


(9) M, obtusum cannot be a mere habitat form of M. pellucidum , since it was found 
several times and retained its shape in different kinds of putrefaction cultures. 

The material from which M. obtusum was raised was derived from: (1) Peaty margins 
of the Pflegersee near Garmisch in Upper Bavaria. (2) Water with red-coloured mud 
sent to me by Prof. Rawitscher from Sao Paolo in Brazil. (3) Ditch water with mud from 
the Plabstein-moor near Hirschberg in Bohemia. (4) Again from the Pflegersee. (5) Mud 
from Reading. 

(10) Putrefaction cultures may be obtained with starch-containing material and soil, 
but they do not always succeed. Nevertheless, all the strains were preserved for months 
and even years, and on several occasions clones were isolated. 




Contributions to our knowledge of saprophytic algae and flagellata 201 

to it or situated nearer to the back end. They are shaped like very elongate rings with 
narrow perforations or are solid. The foremost is sometimes considerably larger than the 
other. Many small grains, in part polygonal, are scattered throughout the cell. 

(7) Movement like that of the other 

species. ir\ 

(8) This strain might be regarded as a I ^ 

variety, since it does not differ very much / 1 ) I 

from the type or the other species described Vf }\ fm/Tu / 

above- _ ffV /CJuj/ 

(9) It was found in a sample collected / foPy// /? 

by Dr L. E. R. Picken from a pool jiear / fuSyi ■ / / 

Cambridge. / 0 /rv^l / / 

(10) Putrefaction cultures with starch. 0 //$/$// / / 

The genus Menoidium therefore includes o° 0 [gfjjy / J 

M. pellucidum Perty, M. obtusum , M. biba - 0 / / J Jy / / 

dilation, M. cultellus , M. inflatum Playfair, l °UJ / / 

ikf.&^r/wmWermel (1924), etc. M.acutis- °° / / 

simum, insufficiently described by Playfair 0 __ ... ... ... ,, f . . 

. *: c Fig. 18 . Me?ioidium bibaciUatum n. sp. Most of the m- 

in the same paper (1921), IS a form of the dividuals contain two large elongate paramylon grains, 

Euelena acus group, related to Astasia tying side by side, but in some these show a different 
.... . .. . ir 1 disposition or there are more than two of them. 

hnealts, as is evident already from the 

presence of an eye-spot. Playfair further describes a Menoidium gracile , but since neither 
description nor figure indicate whether the organism is flat, its identity cannot be 
established. The same is true of the forms described by Skvortzow (1924). 

Only one species of Rhabdomonas has been found which I had not seen before : 

Rhabdomonas spiralis n.sp. (Fig. 19) 

(1) Shape irregularly spiral, so peculiar that it might be regarded as teratological, if the 
organism had not been found in four different localities and always occurred in huge 
numbers in the self-same form in every subculture. 

The cell is rigid and elongate like that of Rh . costata ( = Menoidium longum ), but more 
slender and smaller, slightly flattened, provided with a spiral costa or keel and pointed 
at the back end. The major part of the body is only faintly curved, but the posterior end 
is twice bent at right angles. The shape of the body is difficult to describe and likewise 
difficult to draw or to photograph. The anterior end is relatively broad and is provided at 
the side of the flagellar insertion with a prominence which recalls the protrusion of some 
Menoidia. Owing to the small size of the cells other details, such as the vacuolar system, 
etc., are not recognizable with certainty, but there seems to be a relatively large gullet. 

(2) Length 14-17^, measured from the flagellar end to the tangent to the curved 
posterior end, i.e. the largest total length which can be enclosed between two lines. 

(3) A st nation could not be recognized. 

(4) The rather coarse flagellum is slightly longer than the body and sometimes 
stretched straight out when the organism us at rest or after death. 

(5) Situation of the nucleus difficult to establish, probably nearly central. 

(6) Paramylon grains ovoid to shortly' cylindrical, often arranged in longitudinal 

series, as in the other species. .. 
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(7) When moving quickly, the cells rotate rapidly about an axis which is oblique to the 
body and then give the impression of being shaped like a cork-screw; this is, however, 
only approximately true. The cells generally swim in a lively manner, but they become 

motionless rather easily. . . 

(8) Skuja (1938-9, p. 1 12, Tab. VII, figs. 13-15) describes a Menoidium gibbum that may 

be identical or very similar to my species, but it is stated to be more flattened and there- 
fore related to M. pellucidum , -and to be striated, both of which is not true of Rhabdomonas 
spiralis. Another similar form has been described under the name Menoidium minimum 
by Matvienko (1938, pp. 60 and 69, Tab. II, fig. 24). Unfortunately, his figure is not 
adequate to leave a possible identity beyond doubt. His short description is clear, but 
not altogether convincing on this point. Other similar forms which might be confused 
are not known to me. Spiral curvature is met with in Menoidium tortum (Stokes) Senn, 



which, however, is described as 

more slender and more regularly \ ' (Rv. 

curved. The specimen figured ///^ " 7 Vv\ 

by Playfair (1921, Tab. VIII, /(V / ^ 

fig. 7) as M. tortum is more like y /x V3 VT\ 

my form than the figure of Stokes fly I s' j \ j ] \ ( 

reproduced by Lemmermann. I wV \ yy ^ \ 

have previously (1936, p. 62) ex- Vj> \ 

pressed doubts whether Stokes’s \y \ \ 

Atractonema tortuosum 1 might x L q] 

not possibly be a stiffened speci- Ly koj 

men of Astasia curvata, but it is / A >0 

equally possible that it may be j, 

an inaccurate representation of 1 

Rhabdomonas spiralis. The matter ' 

must await further investigation Fig* 19. Rhabdomonas spiralis n.sp. Although the individuals are 
® * rigid and closely resemble one another in form, numerous drawings 

The species has been referred to are necessar Y to give a clear impression of the peculiar shape of 

1 , the species. During movement the actual form of the cells could 

Rhabdomonas , though it does not not £ recognized; it then gives the false impression of a regular 
altogether correspond to the generic sp i ra i form, 
diagnosis given above, since the cells 

diverge from the rod-like shape. But the cells of the other species are also not straight, but 
.somewhat curved, and the curvature is certainly not in one plane (cf. Spirillum and Vibrio in 
the Pseudomonadaceae). In Rhabdomonas spiralis there is a stronger manifestation of the spiral 
tendency which is always present. 

(9) First isolated in November 1936 from the mud of a small watercourse near Lunz, 
subsequently from the mud of a drained fish pond at Jevany near Prague, where it was 
found again the next year. Afterwards it was detected at Dobris near Prague, at Fran- 
zensbad in Bohemia, in a highland pool above Lunz, and in a garden pool in Cambridge. 

(10) Starch-containing material covered with soil affords crowded cultures. Clone 
cultures are easily obtained. 

Among the numerous slightly curved strains of Rhabdomonas which have developed in 
putrefaction cultures and which appeared to belong to Rh, incurva Fresenius, two groups 

Stokes s species is however pointed at the anterior end and is more slender, larger and more smoothly 
curved than mine. 1 he name M. tortuosum Stokes in Lemmermann’s paper is incorrect. 
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could be differentiated by means of clone cultures. The smaller form may henceforth be 
regarded as the typical Rh. incurva , while the larger may be described as Rh. incurva van 
major , Complete uniformity of size of course does not occur, even within the two 
varieties. But the great variability mentioned by Lemmermann, according to which 
Rh. incurva is 16-25 /x long, could not be confirmed, neither in a clone, nor in a multitude 
of strains I collected. 

The species, which I believed to be new and termed Menoidium longum , has been 
described by Korshikov (1928) as M. costatum in a paper which I overlooked. It should 
therefore now be called Rhabdomonas costata n.comb. The three similar forms of Rhab- 
domonas have the following dimensions: Rh. incurva typ. 13-15 : Rh. incurva var. 

major 16-18 : 6-7-5/* and Rh * costata 28-30: 8-9 /x (Fig. 20). It is striking that Rh. 
costata has nearly always been found in the numerous enrichment cultures wherever any 
species of the genus had multiplied. Even when a strain seemed to be different, the 
secondary cultures mostly contained only the typical Rh. costata . 



Fig. zo. Rhabdomonas incurva and Rh. costata. (i) Rh. incurva type; (2) Rh. incurva var. major ; (3) Rh. 
costata. It seems that a variety of forms is included in the old Rh. incurva Fres., differing in size and m the 
proportion of length to breadth. The longest and most slender form was referred to as Menoidium longum 
in the previous communication. By means of clone cultures the former Rhabdomonas (Menoidium) incurva 
has been segregated into two forms, the larger of which occupies an almost middle position between Rh. 
incurva typ. and Rh. costata. The figures of division stages in the right upper corner belong to Rh. incurva 
major. The figures on the left represent diagrammatically the outlines of the three species. 

VII. The SCOPE OF FURTHER STUDIES 

The enrichment and single-cell cultures have proved that there is a large number of 
saprophytic Euglenineae among which specific distinction is sometimes difficult, but 
always possible. 

As to the interrelationship, the species must at present be treated in different ways. 
Some can clearly be referred as apochlorotic varieties to definite green species, while for 
most of them this is not possible. The former are of special interest. It is to be hoped 
that cultures of others belonging to this group will soon be obtained so that a morpho- 
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logical comparison between green and apochlorotic forms will be possible. The raisin? 
of pure cultures would, moreover, be of value in making possible the physiological in- 
vestigation of probable parallel forms. 


VIII. Summary 

After describing the methods of enrichment appropriate to saprophytic Euglenineae a 
procedure for obtaining single cell or clone cultures is described which has proved success- 
fill in every case. 

The specific characters and the delimination of the genera Astasia, Distigma, Menoidium 
and Rhabdomonas have become clearer as a result of the study of several new species 
Sixteen new species are described and figured. All of them are maintained in culture' 

Euglenineae P ° SSeSS1 ° n at prCSent a collection of thirty-two different forms of apochlorotic 

In conclusion I wish to thank Prof. F. E. Fritsch for his kindly help in the preparation 
of this paper, especially in rendering it into English. 



REFERENCES 

Conrad, W. (1934). Matdriaux 
Conrad, W. (1935). Etude uu gcmr 

Dangeard, P. (1930). Sur une Eglene incolore du 
Botaniste, 22, i. 

Deflandre, G. (1924). Cf. Conrad (1934). 

Bhrenberg, C. G. (18^8) TT ~ * ■ 

Pischer, A. (1894), Ueber die Geissel el * 

Haase, G. (1910). Studien iiber Euglena sanguine , 

Hollande, A. (1937). Quelques donnees nouvelle 
proteus Ehrenberg. Bull. Soc. zool. Fr. 62, 2^ 

Jteo-VEC, O. (1929). Die Silberlinien bei einigen I „ 


pour une Monographic du genre Lepocinclis . 
sys^ematique du genre Lepocinclis Perty. Mem. il 
T? - 1Xr - : groupe de 1 'Euglena acus (E. 

C. (J 924 )* Cf. Conrad (1934). 

D J e Musionsthierchen als vollkommene Organismen. 
I einiger Flageilaten. Jb. zoiss. Bot. 26 


J. piques fuglemens. Trav. cryptogam, dedi£s 

n '. L Kryptogamenflora der Proving Brandenburg 3 Berlin 

mnen. Pascher s Susswasserflora von Deutschland, Oesterreich u. der Schweiz, 

L’oxytrophie et la nutrition des flagellds leucophytes. - Ann. Inst. Pasteur, 

La nutrition de 1’EugMnien Astasia Chattoni. CM. Acad. Sci., Paris, 202, 

r Morphologic und Physiologie der Eugleninen. I, II. Arch. Protistenk. 

mtribution to the study of the Algae of Ukrain SSR T Ai c 

r®i£ES2Si tS d ,T 

.CMotaktisehe Bewegungen von Bakterien. Flattellaten „„u 





Contributions to our knowledge of saprophytic algae and flagellata 205 

Pringsheim, E. G. (1919). Ein neues Verfahren zur Darstellung von Sporen im Bakterienkorper. Bar. 

dtsch. Bot. Ges. 37, 182. „ T T t u a v- r 

Pringsheim, E. G. (1936). Zur Kenntnis saprotropher Algen und Flagellaten. I. Ueber Anhaulungs- 

kulturen polysaprober Flagellaten. Arch. Protistenk. 87, 43. 

Pringsheim, E. G. (1937a). Zur Kenntnis saprotropher Algen und Flagellaten. II. Ueber erne neue 
farblose Polybiepharidine, Polytomella caeca. Arch. Protistenk. 88, 150. 

Pringsheim, E. G. (19376)- Beitrage zur Physiologie saprotropher Algen und Flagellaten. I. Chloro- 
gonium und Hyalogonium. Planta, 26, 631. 

Provasoli, L. (1937-8). Studi sulla nutrizione dei Prottozoi. Boll, zool 8, 3. - . 

Senn, G. (1900). f Flagellata’ in Engler-Prantl, Die natiirl Pfianzenfamilien , x ifl, 93- Leipzig. 

Skuta, H. (1939). Beitrag zur Algenfiora Lettlands. II. Acta Hort. bot. Univ. latv. ix, 12, 41. 
Skvortzow, B. M. (1924). Farblose Flagellaten aus der Nor dm anschurei . Arch. Protistenk . 48, loo. 
Skvortzow’ B. M. (1925). Zur Kenntnis der mandschurischen Flagellaten. Beih. bot. Zbl 11, 4U 3*3- 
Ternetz, Ch. (1912). Beitrage zur Morphologie und Physiologie der Eugleha gracilis. Jb. wiss. Bot. $ 1 , 


[ 206 ] 


THE MECHANISM OF ELONGATION IN 
PALISADE CELLS 

By R. W. WATSON 

(With Plates 3-5, containing Figs. 1-12) 

Palisade tissue is composed of elongated usually chlorenchymatous cells which occur 
adjacent to the epidermis or buried more deeply in the cortex or mesophyll of plant 
stems and leaves. In its commonest form it is made up of cylindrical cells with their long 
axes at right angles to the surface of the organ. Arm-palisade, first described by Haber- 
landt (18S0), is distinguished by inward folds or extensions of the walls, and occurs less 
commonly. A third form, first reported by Pick (1882), is composed of elongated cells 
with more or less strongly inclined radial walls. In the present investigation an attempt 
has been made to add to our knowledge of the development of the common or vertical 
palisade cells and the causes responsible for their formation. 

The first scientific observations were published by Thomas (1863). He observed in 
the leaves of a number of conifers a direct relationship between the illumination and the 
development of palisade tissue, finding the palisade cells invariably more strongly 
developed on the brightly illuminated side of the leaf. Confirmatory observations on 
o er orms were made by Frank (1873) and Magnus (1876). Pick (1881, 1882) carried 
on a comprehensive experimental investigation as a result of which he disagreed radically 
with the teleological explanations given by Haberlandt (1882). Pick concluded that in the 

majority of dicotyledons palisade tissue was hereditary, but that in others its presence 
depended directly on illumination. pi thence 

C ° nS 'f ered the P alisade ceIls an adaptation to intense light, and concluded 

been ^ . f °™ ^ ^ ^ eXpZmion m a vertical direction after horizontal expansion had 
been eliminated by the cessation of vein elongation. Heinricher’s observations (1884) led 

„ den I 3 d ! re t f lnfluence of light in this connexion, while Dufour’s experiments 

c,e “ <■*> 

f T b "* f ' SS " l888 )' while 1 " substantial agreement with Haberlandt's views, suggested 
Z ± S' r e ar ° S ! fr °“ ,h f “ mKMd ° f “I*™ tmnspEn 

b^onZ'JZ irt T ,f P T plMS ' “” d " d ' d <*“ transpirations no 
o(be condi fcZ “ “ 11S ' Lo,M “ ( i8 93 ), on the other hand, found that, 
other conditions being equal, leaves grown m dry air showed a more highly develoned 

pahsade parenchyma. Eberhard, W raised plants under carefclly ^co„Ll"dTn 
dmons of light temperature and relative humidity. Lo, heller's opinion “th relpeeS 
the eiFeet of relative humidity was confirmed, and the statement wL made that damn air 
had much the same effect as shade on the form of the relk n„ 1 clamp air 

with detached beech branches found tLi lwi L J Nordhausen (1903), working 

plainahle by the fact ,h„ shade branches have larger vessels and so deiiver a more copious 
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supply of water to the developing leaves. Clements (1904) made morphological studies 
of a large number of plants and was in substantial agreement with Pick and Stahl. 
Raunkiaer (1906), working with aerial and submerged organs, concluded that transpiration 
was not a factor. 

Yapp (19x2) was the first to measure the lengths of palisade cells in different parts of 
the leaf lamina. He says: ‘All the evidence available suggests that any marked develop- 
ment of these peculiar elongated elements is in some way associated with decreased 
turgor, rather than with increased turgor.* He inclined to the view that part at least of 
the effect of light is indirect through its influence on transpiration. 

Mothes (1932) grew Nicotiana rustica in various modifications of Zinzadze’s solution. 
He shows that in a certain nitrogen deficiency the leaf mesophyll is transformed into 
palisade-like tissue. He does not give the conditions with regard to relative humidity, 
light and temperature under which his plants were grown. Attempts on my part to 
duplicate his results have been entirely unsuccessful. Cain & Potzger (1940) state that 
in Gaylussacia haccata ‘the depth of the palisade region shows an orderly arrangement 
with respect to soil moisture and evaporation, the relationship being direct with soil 
moisture and inverse to the evaporation*. 

A somewhat different aspect of the problem was indicated by two papers published in 
1904. Chrysler compared the leaves of several species growing on a sea beach and on the 
beach of an inland lake. Plants from the- maritime region were found to have thicker 
leaves due to increased development of the palisade tissue. Boodle reproduced the effect 
on wallflower leaves by spraying them with a solution of sea salt. He suggested that 
possibly increased turgescence might be the direct cause of their formation. 

Material and methods 

It is unquestionably true, as first enunciated by Pick (1882), that in many dicotyledons 
the palisade cell form is hereditary, at least to the extent that it is produced under a very 
low light intensity. For an investigation of the direct effects of physical factors on the 
development of palisade cells it is necessary to find a sensitive species in which proto- 
plasmic or genetic control is not so complete as to outweigh the effects of environmental 
conditions. Moreover, it is highly desirable to have a plant which will tolerate wide light, 
temperature and humidity ranges, display freedom from dormancy, possess firm smooth 
long-lived leaves, and be easy to cultivate. After a preliminary investigation involving 
fifteen more or less unsuitable species, the juvenile shoots of the English ivy, Hedera 
helix L., were found to possess the necessary qualifications. 

In order to avoid as completely as possible any genetic heterogeneity in the material, 
such as might possibly be present in eco typically different stocks of ivy, it was necessary 
to employ throughout the investigation individuals derived vegetatively from the samp 
plant. The presence of the numerous anlagen of aerial roots on the juvenile shoots made 
propagation by layering comparatively easy. Pieces of the shoot about 18 in. long and 
bearing numerous healthy leaves were layered in flats so that the main stems and bases 
of the petioles were covered to a depth of about i in. A compost of equal parts of sand, 
loam and leaf mould proved satisfactory. The flats were kept in a cool, shady place for 
about a month until the aerial roots had developed into normal absorptive roots. They 
were then transferred to brighter light. After about two months these root-bearing 
runners were taken up, and cuts were made with a razor blade about \ in. on either side 
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of the rooted nodes. Each of the small plants thus obtained consisted of a root and a 
single leaf. These were replanted in flats, and kept in a cool greenhouse for two or three 
months until several leaves had been developed. They were selected for uniformity, 
were carefully sprayed with Wolck’ to eliminate ‘.red spiders’, and transferred to 3I in. 
pots. Since the mutation rate is low and since any mutation in meristematic tissue will 
affect only one clone member, or only a part of its tissues, it becomes apparent that this 
material is as genetically uniform as it is possible to obtain. 

Waxed cards attached to the stems, and correspondingly numbered lead labels placed 
in the pots, afforded a two-way check, and completely prevented cases of mistaken 
identity. Each leaf was numbered with permanent ink and measured at the time of the 
initial transfer. By measuring the leaves at intervals during their development a growth 
record for each leaf was obtained from which its approximate size at any time could be 
read. A facsimile growth card is given below. ‘ B ’ stands for the basal leaf from which the 
cutting was grown. The measurements represent lengths in millimetres from the point 
of junction of the five main veins to the leaf tip. 

Facsimile growth card 


Hedera helix L. 


Habitat C 


Leaf number | B 





Sun leaves were grown during July and August under the brightest conditions avail- 
: able in the garden (habitat C). They probably received from 40,000 to 50,000 foot-candle 

hours per day. It is difficult to estimate accurately the quantity of light received by 
plants under natural conditions, so that this figure represents merely an approximation. 
It was deduced from measurements of the average total solar radiation intensity supplied 
by the Dominion Weather Bureau whose office was about half a mile distant. The average 
intensity of the sunlight in foot-candles was obtained with the help of Kimball’s 
T conversion factor. 'Kimball arrives at an average value of 6700 foot-candles for 
1 g.cah/cm. 2 /min. which is somewhat low for high sun and high for low sun’ (Brackett in 
Duggar (1936), 1, 180). Knowing the average length of day, the average total solar 
radiation intensity in foot-candles may be obtained by a simple calculation. These values 
are computed in Table 2. 

I The sun leaves therefore completed their development in roughly one hundred times 

J the quantity of light received by the leaves developed in dark shade. Records obtained 
from the Dominion Weather Bureau, taken under comparable conditions, show that the 
average relative humidity outdoors during the period of leaf development was 70, and 
the average temperature 64° F. The average humidity was therefore considerably higher 
* and the average temperature somewhat lower than under the conditions in which the 
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by three north windows. Dark-shade plants were kept at a distance of 1 5 ft. from the 
centre window, while light-shade plants were placed about 2 ft. inside the same window. 
Dark blinds were kept drawn from 5 p.m. until 9 a.m., so that the plants received north 
light for 8 hr. per day. The spectral distribution of the energy in the incident light was 
not measured. Since the light came largely from the north sky its maximum energy 
probably lay toward the blue end of the spectrum. The Canadian General Electric photo- 
electric cell used in the light measurements was calibrated by comparison with a Weston 
cell. From the standpoint of absolute light-intensity measurement this leaves something 
to be desired, but as a basis for a comparison of intensities the method is sufficiently 
accurate. Temperature and relative humidity readings are common to the two shade 
habitats, so that A and B are distinguished only by differences in the light. During the 
period of leaf development relative humidity determinations were made two to three 
times daily. The average was 57*3, the maximum 77 and the minimum 34. The wet- 
and dry-bulb hygrometer used in determining relative humidity was mounted in front 
of an electric fan which was turned on 5 min. before making the reading. During the 
same period the temperature varied between 87 and 67° F. Each of the plants received 
about 20 c.c. of water per day. Light records for the shade habitats are summarized in 
Table 1. 

Table 1 . Intensity of illumination in foot-candles 



Habitat A 

Habitat B 

Month 

Av. 

Max. 

Min. 

Av. 

Max. 

Min. 

May 

78-4 

144 

ii 

731-4 

1360 

120 

June 

77*9 

100 

12 

7257 

1280 

220 

July 

S4*i 

88 

16 

633-5 

1000 

240 

October 

34*2 

72 

6 

365-4 

720 

48 

November 

37*8 

118 

4 

239*4 

600 

20 

December 

61*7 

i' ■ ■ 

160 

8 

420*0 

1200 

100 

Average 

57-3 


519-2 
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shade leaves were grown. The main difference between the three habitats remains the ; 
difference in the quantity of light which increases roughly ten times from A (dark shade) 

to B (light shade) and ten times from B to C (full sun). 

# 

Table 2. Average total solar radiation intensities , Dominion of Canada Weather 

Bureau , Toronto 



Structure of the sun and shade leaves of English ivy 

Throughout the course of experiments of this kind care must be taken to draw conclusions 
only from plants that have had time to reach a condition of equilibrium with their 
environment. The apparently anomalous behaviour of plants when moved from one en- 
vironment to another provides in itself an interesting problem which must await further 
investigation. When an ivy plant is moved so that it is no longer in equilibrium with its 
environment, striking changes in the size reached by immature leaves follow. If the 
plants are removed in summer from the comparatively humid atmosphere of the green- 
house to the brighter and drier conditions in the garden a few very small leaves, less than 
one-half the size of a normal sun leaf, are developed. If well-grown sun plants are trans- 
ferred to dark shade conditions the developing leaves expand to an extreme size, reaching 
a surface development five or more times the area of leaves developed by a plant in equi- 
librium with dark-shade surroundings. 

Leaves in full sunlight completed their development from rudimentation to mature 
size of the lamina in about 4 weeks. Thus leaf 7 of plant 4669 (p. 6) developed in the 
garden in full sunlight (C) was 2 mm. long on 18 July and had completed its expansion 
of 27 mm. on 13 August. In dark shade the expansion of the lamina is several times 
slower. Thus leaf 4 of plant 4754, grown in dark shade (habitat A), was 0*5 mm. long on 
24 May, and had not reached its mature size of 20 mm. until about 9 August, when it 
was more than 1 1 weeks old. 

The reaction of an ivy plant to the condition of illumination makes it very suitable as 
material for the study of palisade-cell development. Fig. 1 shows the structure in cross- 


1940 

Average intensity 

g.cal./cm. 2 /day 

F oot-candles /day 

January 

135 

1600 

February 

162 

1725 

March 

296 

2775 

April 

393 

3250 

May 

390 

2975 

June 

457 

3325 

July 

524 

3900 

August 

436 

3750 

September 

332 

2950 

October 

228 

2300 

November 

95 

1 100 

December 

77 

950 






approximately 0-5^ thick. Cylindrical or prismatic palisade is not present. In a few 
cases the long axes of the thin-walled subepidermal cells are parallel to the leaf surface, 
but usually these cells are isodiametrical. Intercellular air spaces are small. In the 
underlying layer the cells are similar but fewer, more rounded and with larger air spaces. 
Cells in the mid-mesophyll show a tendency to elongate parallel to the leaf surface. 
Chloroplasts are clearly concentrated in the upper half of the leaf. In the spongy layer 
irregular arms with intervening large air spaces extend from cell to cell. The stomata are 
restricted to the lower epidermis. The entire thickness of such a leaf averages about 190 fi, 
A cross-section of a leaf from light shade resembles fairly closely the one described for 


f dark shade. 

A similar unstained section of a sun leaf is represented in Fig. 2. This leaf was developed 
in full August light, and therefore received an average of about 3500 foot-candles for a 
14 hr. day, or in the vicinity of 50,000 foot-candle hours per day. 

Both radial and tangential walls of the upper epidermal cells are substantially thicker. 
Chloroplasts are not present in the epidermal cells. Accurate measurements show that 
the cuticle varies from 2 to 3 ^ in thickness, i.e. it is four to six times as thick as that of a 
dark-shade leaf. 

The two upper layers of mesophyll cells have become cylindrical and form the palisade 
tissue. In the uppermost layer air spaces are smallest. In the underlying layer the spaces 
become wider, and widen downward. Even in the third layer some of the cells have 
their long axes vertical to the leaf surface. In all three layers the walls are thicker than 
f in the corresponding cells in the shade leaf. Chloroplasts are abundant throughout the 
mesophyll, but are most numerous along the side walls of the palisade eells. In the 
uppermost layer they are always absent along the wall adjoining the upper epidermis. 
As in the shade leaf the irregular cells of the spongy parenchyma are connected by 
extensions of their walls, and separated by large air spaces. In the lower epidermis the 
radial and tangential walls of the cells are thinner than in the upper epidermis, but still 
considerably thicker than in leaves from dark shade. The entire thickness of this leaf 
averages 265 ft. Usually a sun leaf is about 1*5 times as thick as a leaf developed in 
shade. 

The most conspicuous difference between these two contrasted leaf types is the differ- 
ence in the development of the palisade tissue, which is absent in leaves from both dark 
and light shade, and consists of two well-developed layers in the sun leaf. The increased 
thickness of the sun leaf is mainly due to the elongation of the palisade cells. In the 
I historical introduction the long dispute over the manner in which light effects this 
elongation was reviewed. The experiments recorded in this paper were designed to 
increase our knowledge of this vexed problem. In order to avoid the complication intro- 
duced by the changing size of the growing lamina it was decided to use for experimental 
purposes only young leaves which had completed their development in area. 

In a first attempt to determine the direct effect of an increase in light on the expansion 
1 of the uppermost mesophyll cells a mature light-shade leaf was transferred directly to 

full sunlight. The entire thickness of the leaf before the transfer was about 180^. The 
uppermost layer of the mesophyll was composed of approximately isodiametrical cells, 
and this was true also of the second layer. 

After exposure for 1 day to the intense sunlight of early July dark patches were present 
: in several parts of the lamina. It was noticed that the epidermis over these patches had 
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retained its lustre, so that the injury seemed to be in the mesophyll. On sectioning the 
leaf 4 days after its transference it appeared as shown in Fig. 3. The cells of the upper 
epidermis were apparently still alive although no critical tests to prove this were made. 
The cells of the uppermost mesophyll layer had been killed over wide stretches except in 
proximity to the veins. The protoplasts in these cells had become shrunken and brown and 
therefore appear darker in the photograph than those of the living cells beneath. More- 
over, the walls can be seen to be buckled and crumpled in many places. Every cell of the 
next underlying layer of mesophyll was turgid and healthy, and this condition held for all 
of the many sections of such leaves examined. 

Several conclusions follow from this simple experiment. The fact that the subepidermal 
cells were unharmed in proximity to the veins suggests that the cells were killed by 
drying out. The continued vitality of the upper epidermal cells indicates that they are in 
some way protected against death from desiccation. Iljin (1935) was able to demonstrate 
this property in the epidermal cells of the red cabbage. By first cautiously plasmolysing 
he was able to dry the cells for weeks in an exsiccator and then to retain them alive after 
careful deplasmolysis. The layer of cells below the uppermost mesophyll layer was 
certainly unharmed, pointing to a strongly localized water deficit in the uppermost 
mesophyll layer. 

Subsequent changes in the structure of this leaf were slow. They first became apparent 
after several weeks. Fig. 4 shows the structure in cross-section of the same leaf after 
3 months in the open. The changes include (1) the death and collapse of the upper 
epidermal cells, (2) the complete collapse of the uppermost layer of mesophyll cells, 
(3) the expansion to the cylindrical palisade cell form of many of the cells previously 
forming the middle of the leaf, and (4) the initiation of cell division and the formation of 
cross-walls in the upper parts of these cells. 

During these changes the leaf had increased about one and three-quarter times in 
thickness, although the area had remained the same. Strong pressure, apparently due to 
an increase in turgor in the living mesophyll cells, had crushed the upper epidermal and 
the rows of dead mesophyll cells tightly against the cuticle. 

This apparent increase in turgor pressure suggested an accumulation of osmotically 
active substances in the cells, a suggestion which was proved correct by osmotic value 
determinations on other leaves treated similarly. Experiments to explain this increase 
were then inaugurated. 

An investigation to determine changes in the starch-sugar ratio was first undertaken. 
The leaves used w*ere transferred gradually from dark shade to brighter light to avoid 
the damage occasioned by too sudden a transfer, and preparations were made to show the 
starch content of the cells at various times during the transfer. 

The hand sections that had been used in all previous work proved unsatisfactory, since 
their unevenness made the task of preparing successful starch mounts difficult, and a 
method was devised for making microtome sections of the living leaves. 

In order to obtain a series of sections at different times from the same leaf a punch 
was used which removed a circular 5 mm, disk: The leaf disk was mounted between two 
pieces of desihcified pine wood. The pine block was cut so that one piece was L-shaped, 
with a smaller block fitting into the open side of the L. The disk was placed so that it 
was held at right angles to the jaws of a sliding microtome clamp, and the knife was 
mounted strongly inclined to the block. In order to obtain one layer of undamaged cells 
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it was necessary to cut sections of sun leaves 50/x thick. For shade leaves this had to be 
increased to 60 /x. These sections were uniform throughout their length. In 15 min. it 
was easy to prepare fifty sections. The sections were first transferred to a dish of neutral 
water, from which they were removed one by one to 20 c.c. of fresh neutral water to 
separate them from the pine shavings. After 1 min. under reduced pressure produced by 
a filter pump enough air had been removed to allow them to sink. Thirty seconds in a 
hand centrifuge was then sufficient to remove the rest of the air from the intercellular 
spaces. 

To prepare the starch mounts fresh sections were transferred to a solution of 1 g. of 
iodine in 100 c.c. of 1 % potassium iodide solution and left there for at least 2 hr. They 
were removed singly to a chloral hydrate solution in a small watch-glass (8 parts chloral 
hydrate to 5 parts water), where they remained for 1 min. Glycerin, to which a few 
drops of a strong tincture of iodine in 95 % alcohol had been added, served as a mounting 
medium. Sometimes the original appearance of such a preparation would be retained for 
10 days. The photographs were taken immediately after the mounts had been made. 

The starch content of a leaf grown for 5 months in an average illumination of 80 foot- 
candles, an illumination not far above the critical for the shade leaf, is shown in Fig. 5. 
This leaf received about 20 foot-candles more than those grown in dark shade, but 
presents the same appearance except that the starch grains are slightly larger and some- 
what more numerous. Even when swollen with chloral hydrate their size is very small. 
Moreover, they are slightly smaller and fewer in the cells forming the uppermost layer 
of the mesophyll than in the cells just beneath. Some of the grains are large enough to 
reveal their crescentic form. 

Fig. 6 shows the starch content of such a leaf 5 days after transfer to light shade. In 
November when this transfer was made the average illumination in habitat B had fallen 
to about 240 foot-candles. The cells in the uppermost mesophyll layer are filled with 
starch to such an extent that they appear solid black in the photograph. Synthesis of 
starch under these conditions is obviously more rapid than hydrolysis. Ordinarily starch 
accumulation is not rapid in such a low illumination intensity, so that we must assume 
hydrolysis to be exceedingly slow. The cells of the uppermost mesophyll layer contain 
approximately as much starch as those below them. At least no difference in the starch 
content can be detected visually. The accumulation of the products of photosynthesis in 
the upper half of the leaf under these conditions is striking. 

The same leaf after 10 days in light shade (B) is shown in Fig. 7. The starch content of 
the upper layers of mesophyll has fallen considerably, the change being slightly greater 
in the subepidermal layer than in that just below it. In Fig. 8, representing the same leaf, 
15 days after the transfer, a further difference between the starch content in the cells of~ 
the uppermost and the next underlying mesophyll layers is apparent. After 20 days in 
B light the difference is still conspicuous, and elongation of the cells has begun. This 
elongation is considerably further advanced 40 days 'after the transfer as shown in 
Fig ’ 9 * 

The extreme slowness of the expansion in this series is partly due to the low illumination 
intensity in light shade (B) in November. An interesting observation emerges here. 
Although leaves which undergo their complete development in habitat B show only 
isodiametrical cells below the upper epidermis, leaves grown in habitat A, and trans-. 
ferred after completing their growth in area to light shade (B), exhibit an elongation of 
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the uppermost mesophyll cells. Fig. n shows the extent to which this palisading of a 
mature dark-shade leaf may go after 80 days in the greenhouse from 5 September to 
26 November. Since the transfer from dark shade to bright light was gradual the leaf 
tissues have not been damaged, but the previously subglobose cells have in some cases 
tripled their original length to assume an accentuated palisade cell form. Moreover, the 
' elongated cells have lost most of their starch, in sharp contrast to the isodiametrical cells 
below them. 

Nothing in the literature nor in the present investigation provides any basis for a 
suggestion that these pronounced differences in starch content are due to differences in 
the assimilatory activity of the various cells. In fact the opposite is the case, the sug- 
gestion being that, under the light intensities employed, greater photosynthetic activity 
occurs in the uppermost layer of mesophyll. We are therefore led to adopt the hypothesis 
of a change in the starch-sugar ratio to account for these discrepancies. 

Molisch (1921), Ahrns (1924), Spoehr & Milner (1939) and others have shown that the 
water content of leaf cells profoundly affects their rate of starch hydrolysis. There are no 
stomata in the upper epidermis of the ivy leaf, but the inference that the differences 
described above might be due to cuticular transpiration seemed obvious, and the verifica- 
tion of a strongly localized water deficit in the cells immediately below the upper epidermis 



as suggested by Fig. 3 supported this view. 

A simple experiment was designed to test this hypothesis. A shallow circular glass cell 
about | in. wide, and in. deep was affixed to the upper surface of a sun leaf with a 
mixture of beeswax and vaseline. Two small holes 90° apart had been bored through the 
glass sides of the cell. The top was sealed with a cover-glass, and into one of the holes 
a tube was passed, connected in such a way that air could be circulated through the cell. 
The other hole served as an exit. The illumination at the leaf surface was fixed at 1000 
foot-candles under a tungsten filament bulb, and a w T ater filter 4 cm. deep was arranged 
between the light and the leaf. The light measurements were made with a Canadian 
General Electric photo-electric cell and a microammeter, calibrated as before by direct 
comparison with a Weston meter. 

A sun leaf was exposed for 4 days to light periods of 16 hr. per day with a continuous 
stream of air saturated with moisture at room temperature passing through the cell. The 
air current was at the rate of roughly 100 c.c./min. for the duration of the experiment. 
Under these conditions a precipitate of water drops deposited inside the cell during the 
dark periods and slowly disappeared when the light was turned on, showing that the air 
passing over the cuticle must have been slightly below the saturation point during the 
periods of illumination. The starch distribution after this treatment is showm in Fig, 12. 
An unnaturally heavy accumulation of starch is seen to be uniformly distributed in the 
uppermost mesophyll layers. 

A similar leaf of the same age developed under the same conditions, and at the same 
height on the stem was allowed to assimilate under conditions identical with the pre- 
ceding except that dry air was passed through the glass cell affixed to the epidermis. 
1 he relative humidity of this air was almost zero. From the compressed air tap it passed 
through a glass cylinder 20 in. long packed with calcium chloride, through a washing 
bottle fitted with a Jena glass scrubber containing 4 in. of C.P. sulphuric acid, and 
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so *that the air above the cuticle contained from 0-14 to 0*25 mg. of residual water per 
litre (McPherson in Hodgman, 1935, p. 865). Fig. 10 shows the distribution of starch in 
a leaf exposed to dry air in this way. There is a conspicuous diminution of the starch 
content in the cells of the uppermost mesophyll layer in striking contrast to the great 
accumulation in the second layer of palisade cells. Since the light conditions were the 
same in both experiments the direct effect of the lighting cannot be held responsible for 
the results. The diminution of starch in the upper palisade cells of the second leaf was 
presumably due to the drying effect of the air that passed over it. The abundance of 
starch in the second layer of palisade cells is a further indication of the strictly localized 
character of the water deficit produced in the mesophyll by cuticular transpiration. 

A second set of experiments was arranged as follows. Young clone members were 
transferred to jars containing 250 c.c. of Shive’s solution with the following formula: 


kh 2 po 4 

5 ° S- 

Ca(N 0 3 ) 2 . 4 H 2 0 

25 g. 

Mg(S 0 4 ). 7 H 2 0 ... 

75 g- 

Distilled water . . . 

20 1. 

Fe 2 (S0 4 ) 3 . aq. 5% 

5C.1 


Cone. 075 % 

They were placed in a dark room and exposed to artificial light for 16 hr. per day 
under a 1000 W. tungsten filament bulb. The temperature in the room varied between 
15 and 20° C. and the average relative humidity was about 50. The illumination intensity 
in the position of the developing leaves was approximately 1000 foot-candles. Leaves 
developed under these conditions possessed two rows of elongated palisade cells, each 
about twice as long as broad. The palisade development resembled that of a sun leaf 
(Fig. 2). Under identical conditions, except that the light period lasted only 4 hr. per day, 
the leaves became just as large but possessed only isodiametrical subepidermal cells. Thus 
it was shown in dry air that elongated palisade cells were produced provided that the period 
of exposure to a light intensity of 1000 foot-candles was sufficiently prolonged. 

For the corresponding experiment with saturated air the whole plant with its container 
of nutrient solution was placed in a cylindrical glazed earthenware crock 19 in. tall and 
15 in. in diameter outside measurements, with walls about J in. thick. The cover consisted 
of J in. plate glass provided with five ground holes for rubber stoppers opening just 
within the inner periphery of the crock. A water-tight seal with the ground upper edge 
of the crock was made with a mixture of beeswax and vaseline. The crock was sunk in a 
water-bath maintained at a temperature of 20° C. with an ordinary variation of not more 
than ±o*i°C. On a few occasions during the 6 weeks of the experiment the temperature 
varied as much as ± 0*4° C. This immersion in the constant-temperature tank was 
necessary to prevent the abnormal rise in temperature that would otherwise have been 
produced by the strong light shining into the closed chamber. The temperature in this 
case was much more constant than with the experiment just described in the dry air 
of the room, but z\ years of experimenting with English ivy indicate that the variation 
of about 5 0 C. had no effect on the results. 

The five rubber stoppers in the plate-glass cover were made use of as follows. Two of 
them accommodated glass tubes carrying air saturated with water at the temperature of 
the tank. Another contained a thermometer and a fourth an exit tube. Through the fifth 
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stopper three tubes entered, one leading to the bottom of each of the three culture jars 
containing the experimental plants. By this arrangement the solutions could be removed 
with the aid of a vacuum pump, and new Shive’s solution could be added without re- 
moving the plate glass. The plants could thus be left undisturbed throughout their 
growth period. Water filled the copper tank to a depth of about i in. above the plate-glass 
top. A sensitive mercury thermostat, a heating coil, a coiled copper tube through which 
tap water was passed, and a mechanical stirrer allowed the temperature to be maintained 
uniform throughout the tank. To eliminate the varying illumination occasioned by the 
continual ripples formed by the stirrer a large crystallizing dish in which a constant 
level, of 7 cm. of water was maintained was mounted § in. above the circular top of the 
chamber, the bottom of the crystallizing dish being immersed in the water of the constant- 
temperature tank. The same iooo W. bulb used in the former experiment was suspended 
7 in. above the water surface. This provided approximately the same intensity of 
illumination, measured with the Canadian General Electric photo-electric cell, as in the 
previous experiment. To make this measurement the photo-electric cell was mounted on 
a movable stand in the growth chamber, and wires were led out through the air exit tube 



to a micro-ammeter on the desk. Measurements in various parts of the chamber showed 
that the illumination intensity varied but that an average value of iooo foot-candles for 
the position of the developing leaves was as accurate as any of the other light measure- 
ments. A current of saturated air with a rate of flow of 7-5 ±1*5 1 . per minute passed 
continually through the chamber during the 6 weeks’ growth period. The light was 
turned, on for 16 hr. per day. Under these conditions the leaves which came to maturity 
produced only isodiametrical cells in place of palisade. 

I he experiment was . repeated with a Mazda Bipost tungsten bulb and an improved 
reflector which increased the intensity of illumination in the chamber approximately 
four times. Where previously the leaves had grown under an average illumination of 
1000 foot-candles, the average intensity after the substitution of the improved bulb was 
about 4000 foot-candles. A maximum intensity of 6040 foot-candles was measured in 
the centre of the growth chamber at the bottom. At the upper outer edge there was a 
minimum of approximately 3000 foot-candles. Toward the centre of the chamber, 
where the leaves which reached maturity developed, the average intensity was about 
4000 foot-candles. Again the growth period lasted for 6 weeks, and the periods of 
illumination for 16 hr. per day. 

Leaves developed in this stronger light in saturated air, and supplied with an abun- 
ance of water from Shive’s solution, were no larger in area than leaves develoned in full 
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says: ‘As regards the cells of the leaf other than the guard-cells no definite results were 
obtained as to their pH or changes therein. The indications are that it is fairly constant. 
Acidic indicators, in particular brom-cresol purple, were allowed to accumulate in the * 
leaf-cells. of Anthericum by setting cut leaves in a solution of the dye, but no appreciable 
difference in coloration was noted, according as the leaves were kept in light or darkness/ 

In our investigation the technique of Small’s Range Indicator method was adapted for 
use on the ivy leaf. Since wide departures from Small’s method became necessary in 
fitting the technique to the material, the changes are described below. 

After repeated tests under different conditions it was found that the sulphon-phthalein 
dyes of the Clark and Lubs’s list would not accumulate in the cells of leaf sections so that 
they had to be omitted. This left only diethyl red, methyl red and benzene-azo-a- 
naphthylamine. The exact methods used in the preparation of solutions of these dyes 
follow. 

Diethyl red was obtained in the form of the dry British Drug Houses Indicator. Of 
this powder 0*1 g. was ground in a glass mortar for 10 min. with 5 c.c. of iV/20 NaOH 
solution. Analar sodium hydroxide was used. Twenty c.c. of freshly distilled water from 
a Barnstead still were added giving a 0*4% aqueous stock solution. This proved too 
concentrated for use. as a vital indicator. A o-i % solution was prepared by dilution with 
distilled water. On attempting to adjust the pH of this final solution to neutrality with 
jV/200 NaOH and Njzoo HC 1 it was found impossible to fix the end-point at pH 7. The 
solution as finally used had a pH of 7*7 which it maintained. 

Methyl red was prepared similarly. Of the dry powder (National Aniline Co.) 0*2 g. 
was ground for 5 min. in a glass mortar with 14*8 c.c. N/zo NaOH solution. The sediment 
was retained. 35*2 c.c. of freshly distilled water were added while stirring. The pH of 
this solution is high (8* 5-9-0). Again it was impossible to lower its pH to 7*0 without 
the addition of too much N/20 HC 1 , so that it was filtered and kept as a stock solution at 
pH 7*5. By diluting with distilled water a o-i % sodium-mono-aqiieous methyl red was 
obtained which was easy to neutralize. After adjustment the pH remained about 7-0. 

Dry benzene-azo-a-naphthylamine is very slightly soluble in cold water. Various ways 
of dissolving this dye were tried, none of which was completely satisfactory. Small gives 
as the British Drug Houses formula ‘0*01% hydrochloride dissolved in 30% alcohol’. 
After several trials o-oi g. of the dry powder was ground in a glass mortar with 1 c.c. 
N/zo HC 1 for 5 min. Forty-nine c.c. of 30% alcohol were then added and the solution 
allowed to stand for several hours. This gives a 0*02 % dark red solution in approximately 
30% alcohol. For comparison a 0*1% solution of the hydrochloride in 20% ethyl 
alcohol was also prepared. The concentration of this latter solution was found to be more 
satisfactory, so that it was used by preference. On attempting to adjust the pH to 
neutrality so much of the dye was precipitated as to render the solution worthless. It 
was therefore used with the_pH of 2*8 which it possessed after preparation. 

The useful ranges of these dyes are given in Small (1929,^. 46). The technique utilized 
by Small in the accumulation of the indicator solutions did not work well with sections 
of ivy leaves. The cells in the sections of the dark-shade* leaves were so delicate that they 
usually died before the dyes had accumulated. Even with the sun-leaf sections the 
method proved tedious. The following improvement was finally employed (Scarth, 1926). 

The sections were first plasmolysed for xo min. in slightly hypertonic sucrose solutions. 
Half-molar sucrose was used for the shade leaves and nine-tenths molar sucrose for the 
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sun leaves. After plasmolysis the sections were transferred with the adhering sucrose 
to a dry slide. A cover-glass, supported on bibulous paper so that it did not touch the 
sections, was added, and a drop of the indicator solution placed at the side of the cover- 
glass. It was thus possible to watch the deplasmolysis, and the rapid accumulation of the 
indicator in the vacuoles. By test it was found that the colours thus produced in sun-leaf 
sections were identical with those following a prolonged immersion in the indicator 
solution. Under such conditions the cells in sun-leaf sections were extraordinarily long- 
lived. They have remained capable of plasmolysis and deplasmolysis for 100 hr. in 
neutral water. They will live for many hours in the indicator solutions, whereas sections 
of dark-shade leaves deteriorate rapidly even in water. 

Another test was undertaken to determine whether the cells were damaged by the 
hypertonic sucrose solutions. Since no difference in the colours finally attained was 
apparent in sections which had been passed up through a series of sucrose solutions at 
one-tenth molar intervals from o-i molar sucrose, it was assumed that the cells had not 
been damaged by the stronger solutions. The sucrose solutions had a pH a little below 
neutrality (6*6— 6*8). An attempt to adjust the pH to exact neutrality with Nj 20 NaOH 
was followed by the slow decomposition of the sugar. 

The mesophyll cells of leaves grown in dark shade always remained colourless (i.e. 
yellow) with diethyl red, indicating a vacuolar pH greater than 5*9. This result was 
obtained so many times without a single exception that there can be no doubt of its 
accuracy. Moreover, if the solution in which the sections were lying was acidified with 
gaseous C 0 2 the cell sap would turn red, indicating that the dye had accumulated in the 
cell sap but was on the alkaline side of its colour range. Unfortunately, the indicators 
available did not allow an exploration of the range between pH 5*9 and neutrality. 
Attempts to decide this question by the use of neutral red were not successful. Neutral 
red is not a sensitive indicator, and is very strongly adsorbed by the colloids present in 
the cell sap. It was therefore impossible to determine the upper limit of vacuolar pH 
in dark-shade leaves with the available indicators. 

On applying the same methods to a sun leaf a striking contrast appeared. If the sun 
leaf had been standing in darkness for several days the vacuolar sap of the mesophyll 
cells stained uniformly red with diethyl red and methyl red, indicating a pH < 5*2. Only 
once in dozens of trials was a red colour obtained with benzene-azo-a-naphthylamine. 
In spite of the low pH of the benzene-azo-a-naphthylamine solution the cell sap in almost 
every sun-leaf cell accumulates this dye in its yellow form. The vacuolar pH of the 
mesophyll of a sun leaf left in darkness for several days may therefore be set with some 
conviction between 4*8 and 5*2, i.e. 5-0 ±0*2. After a full day in summer sunlight a 
gradation in the colours assumed by the cell sap in various cell layers of a sun leaf is 
seen. The best results are obtained with diethyl red. The vacuoles of palisade cells 
viewed through clear spaces devoid of chloroplasts stain light pink. As one proceeds 
toward the lower epidermis the colours darken to deep red. If the colour of the dye 
under this condition is considered to be an accurate indicator of hydrogen-ion concen- 
tration, the pH of the sap in the palisade cells in sunlight must be about £5*6. 

Confirmation of the difference in pH between sun and shade leaves came after learning 
of a technique developed by Kuster (1912) for the accumulation of acid dyes in the cells 
of undamaged leaf laminae. If the petiole of a dark-shade leaf is cut off under a con- 
centrated (0*8%) solution of brom-cresol purple, and the leaf is left in dim light for 
# days to absorb the dye, the mesophyll cells adjoining the vein endings become 
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blue indicating a pH greater than 6*2. If the same experiment is tried with a sun leaf 
the cells remain colourless (yellow), indicating a pH less than 5*9. 

The changes in vacuolar pH undergone when a dark-shade plant is transferred to light 
shade have been followed in two different leaves. In the first 5 days in which these leaves 
were exposed to the brighter illumination no change in vacuolar pH could be detected. 
In every test the vacuoles remained colourless with diethyl red. On the seventh day a 
very faint pink was observable, and after 10 days the cell sap stained red with diethyl 
red and methyl red, but yellow with benzene- azo-a-naphthylamine indicating a pH of 
5-0 ±0*2. It is thus shown that the progressive disappearance of the starch from the 
palisade cells which was described in the earlier part of this paper does coincide in time 
with a fall in the vacuolar pH, 

Summary and discussion 

The factors which bring about development of palisade tissue in leaves may be classified 
under two headings: (1) those that produce vacuolation and enlargement of the cells, 
and (2) those that determine the final cylindrical shape. The juvenile form of the English 
ivy is an eminently suitable plant for the investigation of these factors since it is easy to 
grow and propagate, is tolerant of a wide range of environmental conditions and responds 
to strong light by the production of prominent palisade tissue in its leaves. The same 
plant when grown in shade produces leaves without palisade tissue of any kind. The 
bearing of the evidence obtained in the present investigation concerns the factors included 
in (1) above. * 

Plants with full-grown leaves were removed from the light-shade habitat (B) to the 
garden (C) where they slowly developed palisade cells. One day after the transfer the 
layer of cells underneath the upper epidermis was killed with the exception of those cells 
in close proximity to the veins. The importance of this phenomenon lies in the fact that 
since the dead cells are never adjacent to the source of water supply the evidence is that 
their death was due to desiccation through the cuticle of the upper epidermis. The 
localization of this desiccation is indicated by the fact that the cells immediately below 
were uninjured; and the fact that death of the epidermal cells occurred only at a later 
date is in harmony with Iljin’s discovery (1935) of the remarkable resistance of epidermal 
cells to death by drying. When plants were moved gradually from dark to light shade and 
then to the greenhouse no killing of the cells ensued. 

It was found that less accentuated palisade tissue could be obtained by merely moving 
plants with mature leaves from the dark- to the light-shade habitat, and in such plants 
the successive stages in the process were carefully studied. 

In these leaves the first noticeable change was a pronounced accumulation of starch 
in the upper layers of the mesophyll, due presumably to increased photosynthesis in light 
shade. Later, however, the starch content decreased, particularly in the uppermost layer 
of cells, that is in those cells exposed to the strongest light. At the same time the osmotic 
value of the cells rose. The indications from these phenomena are that the increased light 
intensity had two effects: (1) to increase photosynthesis, and (2) an effect which was later 
in manifesting itself to modify the starch-sugar ratio, and so bring about a high concen- 
tration of sugar and therefore a high osmotic value in the cells. Subsequently the cells 
absorbed water and palisade tissue was formed. It was found also that the vacuolar pH 
of the sub-epidermal cells decreased from above 6*2 to about 5. This change in pH was 
accompanied by a lowering of the starch-sugar ratio. 



220 




R. W. Watson 

Confirmation of the theory that desiccation had a causal relationship to the change in 
the starch-sugar ratio was obtained from experiments where leaves under identical 
conditions with respect to light and temperature, as well as with respect to previous 
experience, age and height on the stem had portions of their upper surfaces subjected 
to the action of moist and dry air respectively. The leaf treated with dry air showed a 
diminished starch content in the upper mesophyll layer, while the moist air produced no 
such effect. 

A second experiment where whole plants with their roots in nutrient solution were kept 
for some weeks, one set in saturated and the other in dry air, carried the demonstration 
still further. In this case, the duration of the period of illumination being sufficient, the 
plants in dry air produced a double row of palisade cells while those in moist air produced 
none. In all these experiments with dry and moist air artificial light was used and care- 
fully regulated, so that there is no doubt that the starch-sugar changes and the formation 
of palisade cells were due to dryness and not to a difference in light intensity. 

That light does have a direct influence in the formation of palisade cells was, however, 
indicated by a further experiment, where it was found that with a light intensity four 
times as great palisade tissue developed even in saturated air. Experiments are now being 
carried on to ascertain whether this direct effect of light is not an effect on the shape of the 
cells rather than on their vaeuolation. 

The indication from experiments so far completed seems to be that in the case of sun 
leaves of English ivy the uppermost cells of the mesophyll become more or less desiccated 
through cuticular transpiration, and as a result the starch-sugar ratio shifts, bringing about 
a greater concentration, of osmotically active substances in the vacuoles. This in turn 
causes the increased vaeuolation responsible for the expansion of the cells. 

It is important to note that the series of changes leading to active vaeuolation and the 
formation of palisade tissue took place not only when full grown leaves were transferred to 
conditions of increased light intensity as in the earlier experiments, but also when leaves 
grew from unfolding to maturity under the proper conditions of light and moisture, as in 
the experiments with artificial illumination. It is in the latter circumstances that the 
formation of palisade tissue takes place in nature. 

In conclusion I wish to express my gratitude to Dr EL B. Sifton for suggesting the 
problem and for his help throughout the investigation. I should also like to thank Dr 
D. H. Hamly for his kindly help with the photomicrographs. 

EXPLANATION OF PLATES 3-5 

All the figures represent cross-sections of leaves of the English ivy, Hedera helix L. In Figs. 5-12 
inclusive the starch grains are stained with iodine and swollen with chloral hydrate. 

x 260 Dark " shade Ieaf gr0wn in an iliumin ation of 70 foot-candles for an 8 hr. day: living cells, unstained. 

Fig. 2. Sun leaf grown in full August light: living cells, unstained.- x 260. 

Fig. 3. Light-shade leaf 4 days after transference to full July sunlight, showing dead subepidermal cells: 
mounted m glycerin, unstained, x 260. 

8h ° Wn in Fig * 3 > 3 months after transfer to full daylight: mounted in 

f 5. Starch content of a leaf grown in an illumination of 80 foot-candles for an 8 hr. day. x 260. 

^ lrtarc * 1 accumulation in a dark-shade leaf 5 days after removal to light shade, x 260. 

S 8 * l' W?* leaf 88 in Fig - 6 8howing *** l° wer ®d starch content xo days after the transfer. X 260. 

Fig* 8. Fifteen days after the transfer to light shade. Same leaf as in Fig. 6. x 260. 

*** 9. Elongatkm of subepidermal cells in same leaf (Fig. 6 ) 40 days after the transfer, x 260. 
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Fig. 10. Starch content of a sun leaf after exposure to an illumination intensity of 1000 foot-candles i 

16 hr. per day for each of 4 days with dry air passing over the cuticle, x 260. | 

Fig. 11. Extent of palisading of a mature dark shade leaf after 80 days in the greenhouse, x 260. | 

Fig. 12. Starch content of a sun leaf with the same previous experience, age and height on stem as that I 

shown in Fig. 10 after exposure to an illumination intensity of rooo foot-candles 16 hr. per day for each of 1 

4 days but with near-saturated air passing over the cuticle, x 260. * 1 
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THE EFFECT OF CUTICULAR HARDENING ON THE 
FORM OF EPIDERMAL CELLS 

By R. W. WATSON 

(With Plate 6 and 2 figures in the text) 

Epidermal cells with radial walls showing a wavy contour have been observed in the 
stems, leaves and seeds of many groups of plants. In the leaves of pteridophytes such 
wa s are almost universal (Linsbauer, x 93 o). In monocotyledonous leaves th y Ze 

dicotld rT Pt m ^ Glumifl0rae ' linsbauer has divided the leaves of many 
dicotykdons into classes according to the mode of occurrence of this character. 7 

waviness am ° Unt ° f SpeCulation with re § ard t0 the origin of this 

™ , ,, * l ! reVlranUS Suggested a correlation, between the wavy contours of 

by ISchoul "f f T St T Ure f ^ meS ° phy11 ’ and this ^ggestion was concurred in 
t>y Areschoug (1897), Linsbauer (1930) and Winkler (1934). 

en,VW te T S i, (l865 u “ hiS WOfk ° n thC H y men ophyllaceae distinguished two types of 
their h? 3 ht S •h-f h Wa y y oudmes - In one the side walls were uniformly wavy throughout 
h i height, while m the other the undulations were confined to the region adjacent to 

He f ° f Ae Cdl> S ° ^ at a l0WCr f0CUS the cells ap Peare < 1 to be polyhedral 

He found that al types were straight-sided when young, and the first sign of undulation 

always occurred in the region of the free walls. unauution 

eelttf e &Sy (l8 ?, } WOrkingwith Ranunculus observed waviness in the epidermal 

celh of emergent leaves while this character was lacking in leaves developed under water 

H berkncit (1882) suggested that the. epidermis became crumpled through growth 
. , f n . ed space ‘ He was chiefl y interested in establishing that this crumpling 
he tensile strength of the epidermis, a theory which was controverted by Vesque in 1883 
mbronn (1884) confirmed the observations of Mettenius, and explained the formatiol 
w r~ UfS n 7 a f ummg a greater surface growth in localized parts of the radial 

to the outer^h ^ ^ fadiaI , Walk Were HghtIy bent from the P oint of their attachment 
latter ’ P ° Stulated a resistance to waviness of growth on the part of the 

Differences in waviness between the cells of sun and shade leaves’ were noted by 

wmSemi 97 ’ ^ by Anheisser (*9°o) and others. The undulations were 

consistently more pronounced m the shade leaves. Numerous investigators are also 

‘g - as o t e greater tendency toward waviness on the lower side of the leaf A 
exceptions to this rule are to be found in the literature. 

air md n ™i I9 ° 0) . l T li |; 8 “T 7“"'“® P rodu “ < > straight-sided epidermal cells in dry 

diredySrlhf g "*** ^ 

nrleedii? ^.TT 9 ' 7 ] T 1 Pippd (l9 ' 9 > re P orted P™g«ssiye decrease in waviness 
proceeding from the base of the plant to the tip. 

XT , 
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Linsbauer (1930) and Avery (1933) suggest that the waviness is due to tensions » 
by differential growth rates as between epidermal and mesophyll cells. 

Winkler (1934) objects to this explanation, and suggests a secretion by subepide 
cells which inhibits the growth of epidermal cell walls. F 

Haberlandt (1926, 1930, 1934, 1935) evolved the hypothesis that the straightness c 
side walls of epidermal cells in sun leaves is due to the inhibiting effect of sunlivl 
genes for waviness. 8 

. While investigating the development of palisade cells in leaves on the juvenile shoe 
the English ivy, Hedera helix L., it was noticed that the lateral walls of leaf epidermal 
m intercostal areas showed a considerable variation in waviness in respond to envi 

mental changes. The material was therefore held to be suitable for an attempt to asce: 
the cause of this latter phenomenon. ” 

3 %l SP f T S USed Pr ° dUCed by ve S etative P ro P a gation from a single orb 

ck. The development of leaf epidermis under three sets of conditions was care) 
Mowed. In habitat A (dark shade) the illumination amounted to about , % of th- 
full summer dayhght, and in habitat B (light shade) to about ro-%, while habitat C 
supplied with fu 1 daylight. The humidity conditions were the sat inhabitatsA ar 
while the air m habitat C was on the average somewhat more humid. 

iJt SPeC1 T S Tf" SdeCted f ° r Uniformi W of the same age, and with approxima 
me nuimer of leaves on the stem. When grown in the above habitats such specin 
follow the rule stated by Skene (x 924)j namely, that small leaves are prodldl 
illumination not ar above the critical for the shade leaves, the lamina becomes Tates 
an intermediate light intensity, and diminishes again as light reaches the maxim 
lepicscntec y full summer daylight. Some details of such leaves are given in Tabl 

Table i. Variations in. Englis h ivy leaves under varying illumination 

Habitat iUumination typka^ 

ft. candle hr. so n Zhit^v) Upp "f e P ld fmal wave crest 

— 4 arbitrary) cells per leaf per cell 

A (dark shade) r OQ — ~ - — — — _ 

B (light shade) <000 I *45 300,000 8*7 

C (full daylight) I so’ooo ?.fi °'? 8 1,500,000 8-7 


Text-fig. 1 shows the outlines of 1 
and a sun leaf respectively, as seen b"y focusing on the 
mis is the position of greatest waviness. The height 0 
of undulations per cell is least in the sun leaf (Table r 
waviness as well as the number ol 
reach their maximum size, and tb 
same. 

. Po prepare transparent surface 
structure the followi ' - 

fied position on the lamina with 
places with the point of a needle to allow 
and subjected to alternating 
intercellular spaces with fre 
10 to 20 min. in Javel water a 


upper epidermal cells from a dark shade, a light shade 
- J uppei edge of the middle lamella, 
height of the waves as well as the number 
Table 1). In light shade the depth of the 
per cell increases. In dark shade the cells 
waves per cell remains approximately the 

mounts of the epidermis for a study of chances in wall 

™ S ™ th ° d ™ A 5 disk was removed fromVspeti- 

1 a CircuIar P mch - Each disk was perforated at several 

■ " r ra P ldand more uniform penetration of reagents, 

k £l 7 We l m Carn ° y ’ S mkture for 2 or 3 min. to fill the 
f nn° r V f 'n 1XatIOn was c °mplete in about 20 min. From 
90 t, followed to dissolve the cell contents and remnv, t>„ 




_ * 
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epidermis. Such treatment left the radial walls of the epidermal cells adhering to a 
membrane consisting of the cellulose, pectic and cuticular layers of the outer wall. These 
disks of cleared epidermis were washed in several changes of distilled water and subse- 
quently stained for 24 hr. in saturated aqueous Nile blue sulphate. On removal from the 
stain they were rinsed for 2 min., left for x min. in each of three changes of dioxane and 
mounted directly m paraffin oil. Great care was taken with the mounts for critical 
observation and photomicrography. Cover-glasses not more than o-i mm. in thickness 
were selected. These were placed under light pressure until the membrane had become 
a , and any excess oil had been removed. The slides were then ringed. Such mounts 
have retained their original brilliance of staining for three years. 

In PL 6, fig. 1 are shown a few cells from such a surface mount of a sun leaf with 
e op sur ace uppermost, and the upper ends of the radial walls in focus. The position 



Text-fig 1. Typical leaves from habitats A (lower right), B (Tower left) and C (upper) (x i/O with 
corresponding areas from the upper epidermis of each showing surface wavinefs ( x 140). 5 ’ H 

°. f the ™ dd1 ^ lamella is not cl ear but falls somewhere within the boundary of the sinuous 
line. The cellulose walls lower in the cells are slightly out of focus, but can be seen to be 
atraight. In PI. 6, fig. 2 a photograph of the same cells at a lower focus, the lower parts 
of the radial walls are seen to be straight. In the adult sun leaf the wavy portion is con- 
fined to the upper parts of the radial walls of the upper epidermal cells. 

A similarly prepared surface mount of a light-shade leaf is shown in PI 6 fig -i 
photographed with the outer wall in 'focus. The course of the middle lamella is repre- 
sented by the continuous dark line showing undulations of the greatest amplitude. The 
darker interrupted and less wavy line is the cellulose wall. The thinness of the secondary 
walls is partly due to the immaturity of the leaf from which this mount was made. In thin 
cross-sections such walls may occasionally be perpendicular but usually are more or less 
strongly inclined to the surface. 

When a leaf is grown in an illumination not far above the critical for the shade leaf 
about 3 months are necessary to complete the expansion of its small lamina. Such a leaf 
presents a further variation in the structure of a mature upper epidermal cell. A photo- 
graph with the surface in focus is shown in PI. 6, fig. 4. The considerably larger size of 

1 6-2 
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the cell as compared with one from sun and light-shade leaves is obvious. The middle 
lamella may be followed as a thin rather dark line which reaches the outer boundary of 
the underlying cellulose wall in only a few 7 places. In dark-shade leaves alone do the 
underlying secondary radial walls follow closely throughout their length the wavy outline 
of the middle lamella at its upper end. In mature leaves the radial walls are usually 
perpendicular or slightly inclined to the surface, and the waviness present at the inner 
ends of the radial walls is almost identical with that at the outer. To make use of a simile 
originated by Ambronn (1884) the figure formed by such a wall is similar to that cut .out 
by an inflexible rod with both ends moving over identical superimposed sine curves 
separated by a space equal to the height of the lumen. 

If the development of upper epidermal cells in intercostal areas is followed from the 
time of the first expansion of the embryonic leaf, it is observed under light-shade condi- 
tions that the walls remain polyhedral until the young leaves reach a midrib length of 


mm. 


£ . 

v ' 46 mm. 

m 

Text-fig. 2. Stages in the development of a light shade leaf (x 1/5) with corresponding stages in the 
development of upper epidennal ceils ( X 140). The inset shows a single cell from the 12 mm. leaf ( x 700). 
Measurements refer to lengths along the midrib. 

about 8 mm. Rather suddenly in the process of vacuolation the radial walls become wavy 
at their outer margins. Young leaves with a midrib 10 mm. long usually display incipient 
waviness. In Text-fig. 2 the straight-sided cells of an 8 mm. light-shade leaf are contrasted 
with the wavy margined cells of a 12 mm. leaf. Since, as pointed out above, the 10 mm. 
leaf shows incipient waviness, and since the midrib at this stage grows about 1 mm. per 
day in length, the waviness must appear during the course of 2 days* growth or less. If a 
disk from a 12 mm. leaf is cleared and stained in the manner described, an individual cell 
appears as shown in the inset. The outer margin of the cell has become sinuous, but the 
lines of junction of the radial walls with the inner tangential walls are still straight. At this 
stage the vertical walls are inclined only near their outer ends. The middle and lower 
parts of the vertical walls are straight. Only at some later time, dependent on the light 
intensity, do the waves extend down the vertical walls or reach the bottom of the cell and 
cause a corresponding waviness at the junction lines with the lower walls. 

From these observations the evidence seems conclusive that the cause of the waviness 
in the lateral walls of upper epidermal cells in ivy leaves lies in the outer free wall. From 
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a careful study of this wall it should be possible to determine the origin of the 
waviness. 

PL 6, fig. 5 shows a cross-section 2/x in thickness through the wavy- walled cells of a 
light-shade leaf, stained for several days in Smith and Nair’s fat stain (Conn, 1940). The 
inner layer of the outer wall is anisotropic, stains blue with iodine and 70 % sulphuric 
acid, blue with chlorzinc iodine, is completely dissolved by copper oxide ammonia, and 
gives a diffuse pink colour with ruthenium red. From these reactions it is evident that the 
inner layer is composed of cellulose with an admixture either of pectic compounds or of 
unsaturated fatty acids (Priestley, 1924). The outer layer which appears black stains red 
with Sudan III, brown with chlorzinc iodine, is left undissolved by the action of copper 
oxide ammonia and 70% sulphuric acid, and thus shows the microchemical properties 
of cuticle. 

Of the two layers present in the outer wall, the inner cellulose layer and the overlying 
cuticle, only the latter is known to possess a sufficiently low plasticity to be, capable of 
causing the deformities described. That the cuticle might have a share in the formation 
of waviness was long ago suggested by Zimmermann (1893), although he was unable to 
be sure whether its role was an active or a passive one. Later investigators have not 
accorded to his careful investigations the attention they deserve. 

PL 6, fig. 3 is from a preparation of the outer wall of the epidermal cells of an immature 
light-shade leaf, separated from the leaf by immersion in Javel water at 90 0 C. for 20 min., 
stained with Nile blue sulphate and rinsed with dioxane. As shown in PL 6, fig. 5, the 
cuticle stains darkly with Nile blue sulphate but PL 6, fig. 3 shows a distinct differentiation 
between the wall in the concavities of the convolutions and that covering the rest of the 
cell. The lightness of staining in the sinuses is not due to an absence of fatty substance in 
this region. This is clearly shown by the reaction with Sudan III and other fat stains. The 
cuticle in these regions is, however, certainly different from the rest, since it gives up the 
stain when immersed in dioxane, as contrasted with the darker coloured cap which touches 
the middle lamellae of the radial walls of the cells only at the places where the undulations 
extend most deeply into the lumen. % 

According to those who have investigated it, the difference between the hardened 
cuticle and the soft fatty substances from which it develops is a question of condensation 
and oxidation. If fae consider these changes as extending gradually over the surface of the 
cell, it will be evident that cell expansion will be limited at the points where the hardening 
first reaches the radial wall, .whereas in other places the cell will still be expansible. If the 
darkly stained part in PL 6, fig. 3 represents hardened cuticle, the further stretching of 
the light spots to produce the waviness may be understood on the basis that here the 
differentiation has not proceeded far enough to limit its plasticity. 

The evidence in favour of this view may be summarized as follows : 

(1) The differential staining reaction with Nile blue sulphate is evidence of some 
differentiation in the cuticle at this stage, and one which disappears in the mature leaf. 

(2) The lightly stained parts have expanded to form the undulations. 

(3) The waviness is produced at the period when the cuticle is hardening. In this con- 
nexion it may be stated that only after the undulations have attained considerable growth 
is the cuticle strong enough to be separated from the leaf and remain intact. 

A consideration of the developing epidermal cell as seen in section provides additional 
evidence that unequal plasticity in various parts of the outer wall is responsible for the 



Again I should like to acknowledge my indebtedness to Dr H. B. Sifton for his in- 
valuable and continual help, to Dr D. H. Hamly who aided unsparingly in the photo- 
micrography, and to Miss C. B. Ross for her assistance in many ways. 
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waviness, PL 6, fig. 6 is a section through an immature cell of a light-shade leaf passing 
through one of the undulations. Sections not more than 2/x thick were a necessity on 
account of the narrow width of the waves. This section has been treated with Javel water 
followed by Nile blue sulphate and dioxane as in the case of PL 6, fig. 3. In this case the 
Javel water was kept at room temperature and the treatment lasted for 4 hr. instead of 
20 min. This change was necessary in order to be able to stop the process before destruc- 
tion of the delicate cell walls had taken place. If the Javel water treatment is omitted, the 
differential staining is not obtained as may be clearly seen by comparing PL 6, figs. 5, 6. 
At the left end of the complete epidermal cell in the figure may be seen the lightly stained 
portion of cuticle crossing one of the convolutions, and a similar light area is visible in 
the cell to the right. In both cases it is clearly to be seen that the top end of the radial 
wall has been pushed to the left by the stretching of the outer wall in this presumably 
plastic spot. Such inclinations of the radial walls are the rule in developing cells of leaves 
grown in all three habitats and the inclination is invariably in the direction one would 
expect if produced by expansion of light areas such as shown in PL 6, fig. 3. 

As the leaves reach maturity differences may be observed corresponding to the different 
habitats under which they were grown. In the leaves in habitat A (dark shade) while the 
cuticle hardens much less rapidly than in stronger light and therefore the waviness is much 
more pronounced, the radial and inner tangential walls of the cells remain very delicate 
and plastic for a still longer period, with the result that the side walls become straight but 
inclined to the surface and finally in many cases at least they become perpendicular so 
that their lower end shows a waviness identical with that at the upper end. In light shade 
the cell walls harden more rapidly, with the result that the waviness at their inner ends 
has not become so pronounced as at the outer. In the leaves of habitat C (full daylight) 
the cell walls rapidly become thick and hardened, and the cells are fixed in the form 
illustrated by PL 6, figs. 1, 2. 
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EXPLANATION OF PLATE 6 

All the figures represent upper epidermal cells from intercostal areas of leaves of the English ivy, Hedera 
helix L. 

Fig. i. Cells from a sun leaf with the outer tangential wall in focus, x 750. The waviness of the walls at 
this height is quite evident. 

Fig. 2. Same cells as in fig. 1 with the inner tangential wall in focus, x 750. At this level the radial walls 
are straight. 

Fig. 3. Cells from an immature light-shade leaf showing differential staining of the outer tangential wall, 
x 770. The lightly stained areas have stretched to produce convolutions. 

Fig. 4. Single complete cell from a leaf grown in dark shade, x 750. In this leaf the waviness of the radial 
walls extends throughout their height. 

Fig. 5. Cross-section through an undulation in the radial wall of an immature light-shade leaf, x 1200. 
Fig. 6. Cross-section similar to the one in fig. 5, stained after treatment with Javel water, x 2200. Note 
how the radial walls have been bent by the stretching of the lightly stained portions of the outer tangential 
wall. 
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Introduction 

m!wn een t real i Zed f ° r 3 l0 7 time that the res P iration of P Ian ts and animals is accom- 
panied by transformations of energy, and much has been said about the utility of these 

invokes Vdec 0 ^ 1 ^' like other P"**« which goes on spontaneously, 

imolves a deciease of free energy; and, since plant life is always accompanied bv 

sx n, t G " y * hat t 7 is r dc ° i ,he d — Lrrr"e 1% 

mean that the energy is used to do work in the restricted sense given to the word in 
thermodynamics, re. to do mechanical or electrical work upon the environment It is 

energy “ eXI>lain ' h<! “ g " “ *> ‘-.Sion J 

In order to keep respiration going there must be a continuous supply of free enerev 
This is normally obtained by plants from the sun. In photosynthesis tLtrZorm^ 
radiant energy of sunlight into chemical energy by converting carbon 

0 oxygen and sugar or, more exactly, into some activated intermediate of photosynthesis 

1 r sugars - 0u : tide exdudes 

XrLTuTred lS t w LV *1™ Chemical ener gy> what is done with it 

between photosynthesis and othrr t pl!m^ictMdIl nient ’ ^ separation 

The bulk of ^ Pk ? tS ^ nCVer CffeCtive by means of its free 

surfaces 5 the u , " T m trans Pwation to evaporate water from 

surface c of the n esopnyll. According to the data of Brown & Escombe (x 9 o 5 ) 

the energy absorbed in transpiration may exceed that transformed 
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since ' water'i^ltfted l m ° r ® than 30 t0 1 ‘ In transpiration actual mechanical work is done 
since water is lifted from the soil to leaf-level. This work may even be regarded as useful 

are ffeefkd ^ tranSpi “ stream and the soil nutrients it contains 
needed by the leaves. The amount of work done is, however, very small Even in 

”fTi 1 7 “ r “ °P tr « 6° m. high it would only be equivalent to olZ V 

of the heat of vaporization of the same amount of water. To adhere to the strict mechanical 
definition of work is ckarly not the way to render impressive the work done by th“ un 
through the agency of plants. Moreover, the work of transpiration V almost entiiS 
independent of respiration, resulting directly from the absorption of sun energy by an 
entirely physical process. No chemical reactions are involved §Y 7 

There is probably no definition of respiration which is satisfactory for all purposes- 

other hSroXed^ "d “F ^ reS P iration as the formation of carbon dioxide, or 
sub JrS I t end-products of metabolism, by spontaneous breakdown of organic 

rsna z a f7 nt of the dec r e in free ener ^ inv ° ived « — Sni 

et sea I we shall K ^ vM actlvities ' At a later stage (pp. 241 

The olidar f CTlbe m ° re fulIy What is im P lied b y the word ‘drive’, 

thnnl TF r rgamC matCrials by chemosynthetic bacteria is an excluded 
g somew at similar, process. It is possible that such oxidations are linked strictly 

0 sugar synthesis and co-exist with a true respiration. They are thus functionally 

an n°is°iu S i 1 T t hlPh 0t0S yni tbe r^ S l . ratber than reS P iratio » ^ugh chemically very different 
It is justifiable to speak of the utilization of energy by plants in two respects • first n 

the building up processes of growth, and secondly in maintenance. In theactive growth 

pznls KtupIntoT f WMCh diS3PP T S ^ C ° nSUmed t0 Carb ° n di0xMe and another 

part is built up into more permanent plant constituents such as cellulose and proteins 

°LTzt m ?r h T d ftt - A|1 ,h,ise 8utaa "“ s - “ ss 

1 f y ’ r , n , hdy be said that their energy has been utilized in any way by the 

fn free enefgw * aCCOm P anied only b Y a very slight increase 
change in thFfim! g T? FF lnc f P orated mt0 lts molecule still exist without serious 
condensation bn ?°f e of their chemical energy has been utilized during their 

condensation but is entirely locked up in the cellulose, which the average plant has no 

chemical energ^whiS themechanical P ro P e rties of cellulose, not its imprisoned 
a mTn Wd f i m m? lm P° rtant t0 P Iants - They are rather in the position of 

the sake of their a T W1 ? bl ° CkS ° f C ° al inStGad ° f PUtting them ° n * he fire for 

tored The cbT , PP ^ SamC and0gy t0 Starch ’ the coal is mer ely being 

to sutr t tt T ?t r§y b ! UtiIiZed l3ter When starch has been reconverted 

situatfon’ i« ti ia - n ? beCn utlllzed mer ely by putting the coal into the cellar. The 
situation is lather similar m protein formation. 

it i f iyster n out rg o a f n e m Tf^ aC f 6 increase has topped is not an inert block; 
snontaneT, ? °f equilibrium with its environment and consequently suffering 

les teadv tan”"? I “* '??**'*• N ™ rthd * ss > * maintains itself in a more of 
is secured bv the ? Y ? ^ with a continilous supply of free energy. This 

what part o/the ? ltmuous breakdown of carbohydrate, but when we attempt to decide 
and what m f of Tf T < Ff d ° ne anythin S towards maintaining the organism 

^dTlte the bCen . Ff d WC meCt WiA great difficuI&s - As m anf ideal 

reactnSrci or oL? ^observable is the disappearance of the initial 
( ther reserves) and the appearance of final reaction products (carbon 



‘ - ' - 
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dioxide and water): the entire loss of energy appears as heat, which 
environment. No work is done and no alteration is brought £ 
yet it cannot be said that the energy has been 100% wasted 
the plant would die. 

What, therefore, is meant by saying that a plant utilizes <. 
energy of the sugar decomposed is actually made use of? The 


energy, and what part of the 

. . , - - --- meaning of such questions 

is clear when they concern the performance of external work, such as lifting a weight. 
But the amount of external work done by a plant at any stage is small, and negligible 
when compared with the energy output of respiration* The amount of mechanical and 
electrical work done inside a complex plant in cell division, protoplasmic streaming 
bio-electric currents, etc. is also extremely small. The free energy of the sugar decomposed 
is actually utilized almost entirely in bringing about chemical changes, as was implied 
m our definition of respiration on p. 231, i.e. in the syntheses of active growth and in the 
metabolic changes which persist in the adult. We shall see that the energy concerned 
m tnese processes may fairly be said to be utilized, and this is not the less true because 
in the adult phase all the energy eventually escapes from the plant as heat. Before this 
happens it has undergone intermediate transformations entailing important material 
consequences within the living tissues. 


Heat production 

Before turning to the chemical utilization of respiratory energy it may be useful to get 
a clear idea about the utility or non-utility of the heat produced. 

The escape of heat from rapidly respiring material, such as germinating seeds and 
opening flower-buds, is very familiar. It is commonly demonstrated by the rise of 
tempeiature when the respiring organs are surrounded by more or less efficient lagging 

Z I T' ° r J ° S flasL Under favourable conditions .such rises of temperatufe 
may be considerable; e.g. 20 C. by germinating peas, equivalent to 34-6 CaL per g 

£ Ztf'w'r"*' ^ ^ ° f k store <-““>« > retaivefy 

L mo)?rr t 'reH^ 7““ “ be ' Wem ’ 5 ^ *<“ CO, ou.pu. of wheal 

IS more than trebled for each i% rise. (Bailey & Gurjar, 1018). Wheat with i8°/ 

Ahilh external t 3 ° f 2 ' 6 -’ *** ^ grainS mUCh more ( Gilnaan & Barton, * 93 °). 
rates a n r a t ti Pe ! atUre “f*?* 8 ^ heat P roducti °n by accelerating respiration 
temLrature is tb red f ^g the rate of loss to the surroundings. The rise of 

SS 5accelerat< 5d -Tb et em p era t u reo nama lt ingfl° o rwithbarley germinating 

in a thick layer may rise several degrees Centigrade. S 

peratumresultsfr ^ n?ateriaI ’ is stacked while stid alive, a rapid rise of tem- 
a heao o/Z T °T reS o piratl0n " We have observed a temperature of 38° C. in 
heap of cuttings within 18 hr. of mowing at a time when the air temperature was 

bult when T heat production may eventually lead to the firing of hayricks 

the Bacillus colUvZ T S lghtly moist The respiration of bacteria, especially of 
ty A P , C > “ becomes active in the warm mass and raises the temperaLe 

mcLs about vo'ri Tl tC “ pC f Ure ' A Ca ¥ Mtor su ™ until the temperature 
normal temperature • 1 ^ ^ ^ becomes stmle > but abiotic oxidations, very slow at 
PUatUrtb ’ beCOme appreciable at this point. If the stack is small,' the loss 

* ‘ Consider the lilies of the field, how they tn-ow • ,W toil » 
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from its surface balances their heat production, but in a large rick the temperature inside 
continues to rise until ignition-point is reached. There is a limiting bulk/surface ratio 
below which ignition will not occur however damp the hay (Haldane & Makgill, 1923). 

We have spoken of heat as the form of energy finally escaping from plants, implying 
that their living tissues are unable to transform heat into any other form of energy. 
Living tissues are clearly not heat engines able to use a temperature difference for 
transforming part of the heat by either a continuous or periodic process into mechanical 
work. The inability of cells to transform heat into work has been demonstrated in great 
detail with muscle fibres, which have been selected for the experiment on account of 
their exceptionally high energy turnover (Gray, 1931). Corresponding demonstrations 
with plant material are out of the question because of the smallness and ill-defined 
nature of the work done. 

In transpiration a small part of the heat involved is doing work at constant temperature, 
and with the trifling exception of osmotic* work (see p. 248), this is the only way in which 
heat can be shown to perform work in plants. Moreover, this heat is taken as such mainly 
from the environment. If there is any special source of heat which increases the tem- 
perature, transpiration is accelerated and the heat responsible for the rise of temperature 
must provide for the increased loss of heat to the environment as well as for the cooling 
effect of the additional transpiration. Respiration may be regarded as a special source 
of heat making a very small contribution to transpiration. 

Apart from this very minor point, the effect of heat is better considered not from the 
standpoint of energy but from that of temperature. A rise of temperature accelerates 
the rates of chemical reactions. In living tissues a moderate rise of temperature, up to 
about 35 0 C., is usually favourable. The supply of heat necessary to maintain a tem- 
perature higher than that of the surroundings depends entirely on circumstances. One 
can be certain that it is necessary to supply heat continuously from a special source only 
if the accelerated reactions are endothermic. This is the case with transpiration, but 
not with respiration or the sum total of metabolism. If the temperature is kept constant, 
it does not f affect the energy balance at all. 

Doyer (1915) has shown that the production of heat is itself increased by a rise of 
temperature up to 35 0 C. 

Table 1. Heat production by wheat seedlings in Cal. per hr. per kg. 
original weight ( data of Doyer) 

20 ° 25 ° 30 ° 35 ° 40 ° 

2*601 3*428 6*034 7*450 6*268 

A rise of temperature is turned to various accounts in the bodies of warm-blooded 
animals. On account of their diffuse form, their lack of any efficient heat lagging and 
the coqling effect of transpiration, the higher plants do not show any corresponding 
effect. Only rarely, as during the opening of large inflorescences and, to a less extent, 
during the development of massive fruits, does any natural rise of temperature occur 
which may be ascribed to respiration. 

The developing inflorescences of Arum maculatum show a rise of several degrees 
within the spathe (Church, 1908). The heat production is localized in the naked upper 
part of the spadix and, after wrapping this about with cotton- wool, a rise of 13 0 C. has 
been observed. By the evening of the day of opening the temperature had fallen again. 
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In the first stages of flowering the terminal club of the spadix is glutted with starch, 
and this is almost wholly consumed by the evening. Even at the time of maximum heat 
production, about 5 p.m,, there is a readily detected loss of starch. There can thus be 
little doubt that the heat and temperature rise result from starch consumption in re- 
spiration. Church speculated that the warmer temperature within the spathe might 
have biological significance by attracting insects in the cool weather of early spring when 
the inflorescence develops. A. italicum shows the same phenomenon even more 
strikingly; its spadices may reach a temperature considerably over blood heat and become 
perceptibly warm to the touch. Church observed the same simultaneous depletion of 
starch from the heat-producing tip of the spadix as in A. maculatum . Ripening apples 
are also said to maintain themselves at a few degrees above the atmospheric temperature. 

Artificial and post-mortem phenomena, such as malting and the heating of damp hay, 
are without interest in this connexion, and in general it may be said that a plant is fairly 
closely adjusted to the temperature of its environment. With strong illumination and 
conditions which retard transpiration, there may. be a considerable rise of temperature 
in leaves. This is not due to respiration but to the absorption of light and to the slowness 
of its loss as heat. It is thus clear that even the indirect effects of heat production in 
respiration are of very minor importance to plants. 

Experiments have been made in the past to decide how much of the energy decrease 
associated with respiration appears as heat. The decrease of total energy is given by the 
decrease of the heat of combustion of the tissue during the period considered, and this 
is a measurable quantity. The energy lost by the tissue can appear either as heat or as 
work done outside the tissue. In either case it can no longer appear as heat when the 
tissue is afterwards burnt. Since external work done by plant tissues is insignificant, 
and may not occur at all under experimental conditions, it must be expected that the 
decrease of energy measured will have appeared as heat during the period of respiration 
to the extent of practically 100%. This will occur in the growth phase just as much as 
in the adult. The values obtained experimentally are actually close to 100%, and the 
small deviations recorded may well be attributed to the errors inherent in the difficult 
technique. Rodewald (1887, 1889) estimated the heat production as 93 % of the heat of 
combustion of the sugar consumed in kohlrabi stems, and as 99*2% in apples. Algera’s 
(1932) figures for the whole period of a culture of Aspergillus niger were 3299/3518 
Cal. = 94%. 

A very different result was obtained by Doyer (1915) who worked on the heat production 
of germinating wheat. The quantities she measured were the amount of heat given out 
to a stream of air at a controlled temperature; the heat of combustion of wheat samples 
at successive stages; and the quantity of C 0 2 given off. The differences between successive 
heats of combustion were taken as a measure of the loss of total energy by the seedlings. 
Assuming that the C 0 2 all originated from a complete oxidation of starch, and that its 
heat of formation was 2*56 Cal. per g,, she was able to calculate the heat equivalent of 
the CO t given off during each period of measurement. The actual heat production could 
thus be compared with the loss of total energy as calculated (a) from the heat of com- 
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This error is not great enough to obscure the main results. It is unfortunate that 
the determinations were not carried out at a single temperature. At 20° C. the percentage 
loss of energy appearing as heat varies from 38 to 95. The lower values could only be 
explained by means of work done by the plant. It is true that in these experiments some 
work was done by the seedlings, viz. the work of raising water in guttation. Guttation 
is characteristic of young seedlings in an atmosphere of low evaporating power and the 
work is similar to that done in transpiration. Suppose 1 kg. young wheat seedlings to 
consist of 20,000 plants averaging 5 cm. high (an extreme case), and that it raises 10 mg. 
water per hour. The work of guttation would then be 20,000 x 5 x 0*01 = 1000 cm. g., 
corresponding to 0*024 Cal, while the heat of combustion unaccounted for is 707-463 1 Cal. 
We are therefore compelled to conclude that Doyer’s results at 20° C. are erroneous. 

Table 2. Energy losses of germinating wheat seedlings in Cal. per hr. per kg. 
initial weight {data of Doyer) 



Exp. 1 at 20 0 C. 

' 

Exp. 2 at 25 0 C. 

Day 

Heat 

Loss of total 
energy Cal. 

Heat 

Loss of total 
energy Cal. 

emitted 

: . 

from heats 
of combustion 

emitted 

from C 0 2 
given off 

z 

— 

83 

363 

2,135 

. 3 

710 

1417 

540 

3,802 

4 

2143 

2250 

2938 

6,277 

5 

2790 

3833 

3216 

6,886 

6 

— 

4000 

4341 

8,837 

7 

2869 

7500 

■ — 

10,068 

8 

— - 

— 

— 

10,854 


According to the experiment at 25 0 C. (Table 2) the heat emitted is always less than 
half the heat of formation of C 0 2 , calculated on the assumption that the C 0 2 is entirely 
produced by complete combustion of starch. If this result is taken at its face value, we 
must suppose that a large part of the C 0 2 had actually been produced by processes with 
a smaller heat of reaction, such as fermentation. As the figures obtained at 20° C. 
indicate an impossible result, those at 25 0 C. do not give one confidence in making such 
an unlikely and otherwise unconfirmed assumption. 

Utilization of energy in growth and maintenance 

(1) Growth . During growth sugars are converted into substances of greater energy 
content, the additional energy being derived from the breakdown to C 0 2 of some part 
of the sugar available. Not all the energy decrease of the lost sugars passes into the 
new substances, and it is difficult to determine the proportion that is thus used. At 
first sight it appears possible to obtain an estimate by comparing the C 0 2 output during 
a given period with the decrease in heat of combustion. This would give an 
of the total — not free — energy utilized and could only be applied in the absence of 
simultaneous photosynthesis. Doyer (see above) measured the two quantities ' required 
in darkened wheat seedlings, but unfortunately in separate experiments under different 
conditions. Molliard (1922) made the comparison directly with moulds. 

In the absence of all other reactions than the complete oxidation of sugar or starch 
to C 0 2 , the decrease in heat of combustion of the plant and its substrate, A, would be 
equal to the heat of formation of the C 0 2 given off, H. If part of the energy of 
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formation is utilized in the production of substances like fats and proteins with a high 
energy content, the heat of combustion should decrease less and A become less than H. 
The difference H- A would thus be a measure of the utilization of respiratory energy 
and could be expressed as the percentage 100 (H— A)/JT. There is, however, another 
possibility, viz. the existence of incomplete oxidations yielding energy but no C 0 2 . 
This is known to occur in seedlings forming carbohydrates from fats and in succulents 
forming malic acid from sugars. In such cases A exceeds H and the method would lead 
to the absurdity of a negative result. If the amount of incomplete oxidation is small 
relative to the amount of respiration as a whole, there will be errors less easy to detect. 
Molliard found that his estimates of H and A were equal so that the 'efficiency of 
respiration ’ was nil. He concluded that no respiratory energy was chemically utilized 
by the moulds, but it seems more likely that the result was due to a fortuitous com- 
pensation, within the limits of experimental error, of energy utilization and incomplete 
oxidation. The growth of the moulds would consist very largely in the formation of 
cell-wall materials with an energy content only very slightly greater than the sugar of 
the medium from which they were formed. 

(2) Maintenance. Only the living cell can build up and maintain the large content of 
energy which protoplasm represents. But this does not mean that the energy must be 
readily released at death. Meyerhof (1924) performed the experiment of suddenly killing 
a, large number of respiring erythrocytes in a calorimeter by adding acrolein. No measurable 
heat was given off. He further showed that in eggs narcotized with 0*01 % phenylurethane, 
oxygen consumption and heat production were unchanged, but cell division was stopped. 
No extra heat appeared due to a saving of energy by the stoppage of division. This, 
however, is not surprising. The act of killing may only involve some slight specific 
change of structure or colloidal condition in a protoplasmic constituent, e.g. the break- 
down of some barrier which separated active chemical agents from one another in the 
living state. The change of energy associated with a process of this kind would be very 
small indeed, and well within the experimental error of even the most accurate 
calorimetry. 

Such separations maintaining systems out of equilibrium both with the environment 
and with one another are familiar in biology. Oxidases, for example, exist in cells side 
by side with oxygen from the environment and oxidizable pigments formed within ; but 
only act upon them fully when life is destroyed. The continuous maintenance of potentials 
implied by such disequilibria might result from resistances associated with spatial 
separation or, alternatively, maintenance may only be achieved by the continuous 
expenditure of energy.* 

It is a facile assumption that the energy change revealed by the continuous liberation 
of heat from mature tissues which are neither doing external work nor synthesizing 
appreciably, is a measure of the energy of maintenance. The assumption will not stand 
closer inspection, and we are driven to the view that what is revealed may equally well 
be a mere energy wastage. 1 o determine the efficiency of respiration in maintaining the 
steady state, we should need to know the fate of spontaneous breakdown of all substances 
other than respiratory substrates, together with their different states of aggregation, 
structure and concentration. We should also need to know how much sugar was consumed 
in making a unit replacement and to compare the sugar requirement this indicated with 

For a fuller discussion see James (1932^, 6). 
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the total sugar lost by respiration. We are, however, very far from possessing such 
complete knowledge as this on which to base a quantitative calculation. 

The most obvious energy wastage is found among primitive and especially among 
anaerobic saprophytes. Yeast under nitrogen will continue to release energy from sugar 
by vigorous fermentation when growth is at a standstill and, so far as can be seen, energy 
utilization is virtually nil. The action seems to be the result of uncontrolled enzyme 
activity on susceptible materials, and is not at all graduated to the metabolic needs of 
the organism (cf. Stevenson, 1930). Alcohol is far from being the only product of 
alcoholic fermentation. Butyric acid production occurs widely in bogs and other 
anaerobic places, but it also does not occur as .a pure butyric acid fermentation; very 
variable quantities of alcohol, lactic acid and acetic acid are formed at the same time. The 
direction of the yeast or bacterial metabolism is largely at the mercy of circumstance. 
Starting from such a condition, evolution may be envisaged as a progressive control of 
expenditure of material and energy. The breakdown of sugars has become canalized into 
a more or less restricted path of slow oxidation, preventing the formation of the multi- 
tudinous partially oxidized end-products found in bacterial metabolism. Restriction in 
the amount of breakdown has also accompanied restriction in kind, as shown in Table 3, 
but this is not to say that the breakdown which does occur in the higher plant is efficiently 
used. There are here no data to set a limit to speculation. 

Table 3 


Utilization of energy in chemical reactions 


The preceding section has shown that a quantitative treatment of the 'utilization of 
free energy’ is not possible for the physiology of a plant taken as a whole. There are too 
many uncertainties, including possibilities of incomplete oxidations and the production 
of intermediate substances with energy levels both higher as well as lower than those of 
sugar. A quantitative treatment can only be carried out if a definite process is known by 
which free energy is released and another process by which part of this free energy is 
used. Since the energy turn-over of plants is mainly connected with the chemical 
processes of metabolism, the utilization of free energy by chemical reactions must be 
considered as well as their production of it. This necessitates a few words concerning 
the general principles of chemical energetics. 

The reactions of metabolism may be divided, like others, into those which are 
spontaneous and those which are not possible without assistance from some second 
reaction or other source of energy. Chemists and biologists alike need an indication 
whether any given reaction is spontaneously possible or not. This information may very 
often be obtained from the heat of reaction. If the heat of reaction is very great — as it 



Q co s 


Yeast 

60-1 00 

Meyerhof, 1925 
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78*0 
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Ribes nigrum leaf buds 

2-0 

Garreau, 1851 

Barley 7-day seedlings 

1*6 

James, A. L., 1938 

Sunflow r er, germinating seeds 


Kidd, West & Briggs, 1921 

3 -month-old plants 

0*2 



0 CO 2 = cu.mm. C 0 2 per mg. dry weight per hour. Data recalculated where necessary. 
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->C 0 2 + 94*5 Cal — we can be sure that the reaction can only 
in which it is exothermic. This is always 
with which biological reactions have no 
concern. The opposite, endothermic reaction is in this case excluded, but in reactions 
with only a moderate heat of reaction this is not always so. We may take as an example 
the assimilation of nitrogen with the breakdown of glucose by Azotobacter , which may 
be schematically represented thus : 

C 6 H 12 0 6 +■ 6H 2 0 + 4 N 2 -> 6C0 2 + 8NH3 - 60 Cal. 

In spite of the negative heat of reaction this can and does take place. The same may be 
said of any chemical equilibrium which may, in theory at least, be approached from 
either side. Of the two processes concerned, one is necessarily exothermic and the 
other endothermic, but both occur spontaneously. It is, therefore, evident that the heat 
of reaction does not determine the direction of reaction and is not a true measure of 
affinity. The heat of reaction is the decrease of total energy in a system as a result of the 
reaction, but affinity is measured by the decrease of free energy. Free energy differs 
from total energy on account of the random movements of the atoms characteristic of 
temperature. The decrease of free energy ( = affinity) differs, therefore, from the decrease 
of total energy ( = heat of reaction) whenever the random movements change during the 
course of the reaction. At absolute zero, temperature movements being nil, free energy 
and total energy are identical, and so also would be the affinity and heat of reaction of 
any chemical change able to occur. At biological temperatures the energy of random 
atomic movement is often much smaller than the heat of reaction, and any changes of 
random movement produced by the reaction are usually of minor importance. Whenever 
this is so, the heat of reaction gives a good approximation to the affinity, and the reaction 
can only occur spontaneously in the direction in which it is exothermic (Berthelot’s rule). 
But the higher the temperature rises the less certainly can the affinity and direction of 
reaction be predicted from the heat of reaction alone. At room temperature Berthelot’s 
rule holds under practically all conditions, if not less than 15 Cal. are developed per mol. 
produced by the reaction. With a heat of reaction as large as this equilibrium lies at- an 
almost complete formation of the products of the exothermic reaction. Berthelot’s rule 
very often holds with smaller heats of reaction and fails above our numerical limit only 
when giant molecules are involved in which numerous linkages participate in the reaction, 
as, for example, in the denaturation of proteins. 

At any given temperature the difference between heat of reaction and affinity increases 
with increasing difference in the type of molecular movement before and after the reaction. 
Such changes are particularly great when the state of aggregation is changed, and 
especially if a gas is produced or consumed. The natural tendency of molecules and 
atoms is to move independently and to fill the space presented to them uniformly with 
their irregular movements. They can only be prevented from doing this by energy in 
the form of special attractive forces holding them together. In other words, there is 
always a natural tendency to form a gas, and this tendency becomes effective whenever 
the attractive forces of liquefaction or solidification are not great enough to overcome it. 
These forces of attraction may contribute very largely to the heat of reaction if the reaction 
includes a change of state, and the formation of a gas, wffiieh involves the breaking of 
bonds, is usually endothermic for this reason. Nevertheless the affinity ( = decrease of 


the reaction C + 0 2 
en in the direction shown by the arrow, 
except at extremely high temperatures 
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free energy in the reaction) may still remain positive, and so the endothermic gas formation 
may take place spontaneously as a result. 

In reactions involving numerous linkages the heat of the chemical change may be 
positive in spite of gas formation, and then the affinity is still greater. The greater the 
number of gas molecules that are formed in the reaction, the more it is favoured in the 
direction of their formation. Similarly, the formation of two gas molecules from a single 
gas molecule is favoured on account of the increased independence of movement of the 
constituent atoms. Thus we arrive at a very simple qualitative rule. In a reaction in 
which no gases are formed, there will not be any great difference between heat of reaction 
( = decrease of total energy) and affinity ( == decrease of free energy). The affinity is greater 
than the heat of reaction in any reaction which causes an increase in the number of gas 
molecules; and, in a range of reactions, the difference increases with increasing gas 
formation. The formation of solutions is not usually associated with such large differences 
between heat of reaction and affinity, because the solvent cannot be regarded as an empty 
space, being already overcrowded with solvent molecules. Further complications are 
also introduced by ionization and solvation. 

There is one further factor not mentioned in the preceding paragraphs which needs 
to be pointed out. The heat of reaction between solids or liquids on the one hand and 
gases on the other is practically independent of the gas pressure, since even at high 
pressures the mean distance between gas molecules is much larger than the range of the 
molecular forces of attraction. Similarly, if solutions are involved, the heat of reaction 
is more or less independent of the concentration except when it is very high. The decrease 
of free energy (affinity), on the other hand, is closely related to the concentration of the 
reacting gas or dissolved substance. Hence all that has been said above applies strictly, 
to a given set of standard conditions. These are taken as 1 atm. partial pressure for a gas 
and a N solution for a dissolved substance. 

We have already pointed out that the natural tendency of molecules to spread out and 
fill any space presented to them is able to overcome the forces of attraction; and this 
becomes more apparent as the space in which they are able to evade, one another is 
enlarged. Hence the affinity of the formation of a gas or dissolved substance becomes 
greater as the concentrationjfalls, and dilution or reduction of pressure favours solution 
and gas formation. The effect of dilution on affinity is, however, relatively small when 
we are considering reactions with a large energy turn-over. For every gaseous or dissolved 
molecule formed, affinity increases at room temperature by 1*36 Cal. for a tenfold 
dilution.* Conversely, a tenfold dilution decreases the affinity of gas consumption by 
a like amount. 

We are now in a position to consider the energy relations of those reactions which 
are supposed to occur in respiration. A number of relevant data are collected in Table 4. 
They are calculated for 25 0 C. but can be used as a good approximation at all biological 
temperatures. Reaction 1 in this table is usually regarded as the overall reaction of aerobic 
respiration. For purposes of calculation the hexose is assumed to be glucose, but the 
inclusion of fructose would not involve any serious alterations. In this reaction the 
number of gas molecules is the same, viz. 6, on both sides of the equation. Hence, with 
solid glucose, pure water, and gas pressures of 1 atm., there is little difference between 

# The factor 1*36 is strictly valid only for 35° C,, but being proportional to the absolute temperature 
does not change very much within the biological temperature range. 
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the heat of reaction (decrease of total energy) and affinity (decrease of free energy) 
These values are shown in Table 4 as H and A in columns 1 and 2 respectively. The 
further columns of the table show the values of H and A under a variety of conditions. 
Columns 3 and 4 show the effect of bringing glucose and C0 2 into solution. There is a 
considerable difference in the heat of the reaction because the heat of solution is great, 
but the change in the affinity value is very small and need not be discussed. On the other 
hand, the effect of dilution on the heat of reaction is so small as to be negligible, but its 
effect on the affinity value is shown in columns 5 and 6. Column 6 is calculated for 
conditions which may be taken to represent a normal biological state, viz. oxygen and 

Table 4. Energy relations under varying conditions 
* Temperature 25 0 C. 

0 2 and * Bio- 
CO a at logical* 
air con- con- 
ditionsf ditions| 


Pure substances, 
0 2 , C 0 2 and H 2 
at 1 atm. 


Normal solutions*, 
except 0 2 and H a 
at 1 atm. 


ss&ssEsr in t: m m m m 

87 $5 Itl ll ?6 ffl $2 

14 / 4 * Og— •>• 

M rHrmfl C n 0+ ^ 0s+2Ha0 1249 I53 ' 9 ~ 139 ‘ 8 ~ I48 ‘ 9 ~ l6l ‘ 6 ~ i 6 9' 8 

(6) 2# SS -tin zgz 

--- - - + 2 C 0 2 + 2 H 2 15-8 65-5 ~ 30-5 ~ 6o-8 ~ 74-4 ~ 85-3 

inC a i n pefmol heatS ^ feaCti ° n “ CaL per moL ^ ^ and Amities (decreases offre 7 en^) 

bothiubttoIes^nthI V Hquld e ^fhfv/^ bu Tnc acid are lacking, the values for the free energy of 
last four columns only slightly. en USed *° r tbe 1 ^ solutions. This affects the figures in the 

t n th ^rn dlt i° ns as in , the Preceding column. 

H a at o-oi % of\ a ata-The WoTo^l p^pr^IrTot H'kve^^ce^'^’ ' Nll0 '°°° acetalde ^ de ‘ 

huClmnT t 7 T diti0nS l and glUC ° Se b N/l0 ° S ° Iution - The hexose concentration 
been aZlf t h- f VeS f ° f ab ° Ut ^ ° rder ' In column 5 only oxygen and C0 2 have 
- I 1 : t° 8I -l a c °" dltions ’ and « will be seen at once that any variation of 
' L — n P ° SS i 6 m , 1Ving CdIs WiH h3Ve ° nIy a sma11 effect on the affinity value, 
condk t ns uSd ° n ’ 3S °1 manly giV£n “ physico-chemical tables, apply to the standard 
of re ntaE °7 ^ are ° ften ^ed ^ connexion with the 

adjured Limate oTthlT tl0n * ’ S ° ? u ° f t0 866 how they com P are with our 

33-8 Cal over rnhim _ ree energy of the process in column 6. This shows an excess of 

this is of little ' n I’ Ut m r a reactlon wit h such a high energy turn-over as 709-8 Cal., 

ma \, th£ref0re > be said thatfin practice, thVheat of 
g gives a reasonably good approximate, though not strictly accurate, 

any preasLrtheTree energy of'cO^fs th^im^i^ h'th equiIibr ,j urn is established with gaseous CO s of 

whether CO, reacts as gas or as dissolved sub^nceTK StateS ’ 8 °* at the same affi nity values are obtained 
dissolved substance. Thus air conditions mean 0-03 atm. or 10 -‘/N solution. 
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value of the energy that may become available 5 in respiration and no serious errors are 
likely to have resulted from its use. 

In reaction 2 of Table 4 the position is very different. This reaction is of interest as 
being the summation of alcoholic fermentation in yeast and at least an important factor 
in the anaerobic respiration of higher plants. The standard heat of reaction is here much 
smaller than in reaction 1 , but as there is a formation during the reaction of 2 gas molecules, 
the affinity exceeds it and the difference is still further increased by the transition to 
biological conditions. During the course of fermentation the concentration of alcohol 
may increase to the order of a iV solution ; but it will be seen from column 5 that this 
involves little reduction of the affinity value. The chief interest here attaches to the fact 
that the free energy decrease of the reaction is 3*4 times greater than the heat of reaction 
as usually quoted, and that a correspondingly greater usefulness would appear possible. 
It is, however, as well to remember that the adjusted value is still only 10% of the 
corresponding value in the aerobic oxidation, reaction 1, and that other factors discussed 
more fully in the final section must be taken into account in assessing the biological 
utility of this reaction. 

Reaction 3 is the combustion of alcohol. The values for the combustion of two 
molecules of alcohol, added to the values of their formation (reaction 2), give the values 
for the complete combustion of sugar (reaction 1). Reaction 4 is the partial oxidation 
of sugar with formation of C 0 2 and acetaldehyde. This reaction is usually considered to 
occur in the early stages of both fermentation and aerobic respiration and to provide a 
point of departure for many syntheses. Reaction 5 is related to reactions 4 and 1 as 
reaction 3 is related to reactions 2 and 1. Reaction 6 is the butyric acid fermentation 
already mentioned as occurring in anaerobic plants. 

In reaction 4 — and to an even greater extent in reaction 6 — the number of gas molecules 
is increased so that the standard affinity A exceeds the standard heat of reaction H. 
The values for butyric acid formation are surprisingly similar to those for alcoholic 
fermentation. The heat of reaction for the formation of butyric acid is still smaller, the 
affinity still larger under every condition considered in the table. The ‘biological 5 value 
in column 6 exceeds the standard heat of reaction in column 1 by the factor 5*4. 

For many biological reactions free-energy data are not available. In these cases the 
heat of reaction must be used as an indication of the direction in which the reaction will 
proceed spontaneously as has always been done in the past. If the heat of reaction is 
considerably smaller than 15 Cal. per mol. produced (cf. p. 238), it is advisable as a further 
indication to use the rules given on p. 239 for standard conditions and the special con- 
ditions under which the reaction takes place. 

Driven reactions — synthesis 

The decomposition of sugars whether aerobically to C 0 2 and water or anaerobically to 
C 0 2 and alcohol proceeds in a number of stages with very different energy relations. Not 
all of them are spontaneous, and we may suppose that those requiring an energy supply 
are driven by those of high affinity. Precisely the same is true of all the syntheses 
occurring in the plant, since these, if taken by themselves, would imply an increase of 
free energy. They must be related to those stages of respiration that occur with a sufficient 
decrease, and this necessity also implies some chemical mechanism for the connexion. 



m between two chemical processes is brought about by one or more molecules 
to both of them, but the particular molecules linking biological reactions are 
ill unknown. 

'rogen assimilation. The transformation of N 2 to 2 NH 3) a reaction probably 
at by nitrogen-fixing bacteria,, may be given as a first example. The reaction 
D - 2 NH 3 +3/ 2 0 2 is impossible by itself because it would involve a free-energv 
,f l6l ‘9 Cd ; If the own produced is given an opportunity to oxidize glucose 
nergy falls by i 9 2 - 2 Cal. and the total reaction, which can be written 

N 2 + 3/ 2 H a O + i/ 4 C 6 H 12 0 6 -> 2 NH 3 + 3/2C0 2) 

anied by a free-energy decrease of io- 3 Cal. The overall reaction is thus driven 
e-energy decrease of its oxidation stage, in spite of its negative heat of reaction 
f” , 2S shown on p. 23 8. Putting it in another way, we might say that the 
tendency for the formation of CO, is milked to form a product of high energy 
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(3) Carbohydrate condensation. The energy requirements of animation and amino-acid 
condensation are very small compared with those of nitrate reduction. The same is also 
true of sugar condensation to form higher carbohydrates, as will be seen from Table 5. 
The heat of formation of sucrose from glucose and fructose is particularly small and 
falls near the limit of experimental accuracy. If we may judge from the affinity of the 
transformation of glucose to sucrose, the only figures available, the affinity values must 


Table 5 a 



Glucose— > 
fructose 

Glucose-* 
i sucrose 

Gluccfse 4* 
fructose-> 
sucrose 

Glucose-* j 
starch 
(C 6 H 10 O 6 ) 

Glucose -> 
cellulose 
(C 6 H 10 O 5 ) 

Heat of formation 
Affinity of formation 

| — 2*1 

— 1*6 
-x*45 

-TJ 

-3*7 

-4*2 


Table 5B 



Glucose 

Fructose 

Sucrose 

Heat of solvation 

-2*4 

— 2*2 

— 1*0 

Solubility in mol. per litre 

‘ 3*45 

6*19 

2*64 

Affinity of the reaction solid -* solution 

4*0*73 

4-1*08 | 

4-0*58 

(uncorrected) 




Heat of transformation a sugar sugar 

— 0*166 

“1*24 


Affinity of transformation a sugar-* sugar 

~o*4 


— 


All figures are Cal. per mol. 


all be very similar to the heats of reaction. The heats of formation of the polysaccharides 
are only slightly greater than that of sucrose, and this is why a good deal of synthesis 
may result in plants with the expenditure of very little energy. The oxidation of i mol. 
of glucose liberates enough energy to condense more than ioo mol. to cellulose, as- • 
suming a high efficiency. The actual efficiency of this and similar reactions is not yet 
known. During the first and second days of germination of barley, the relations between 
‘hexose* respired and ‘hexose’ condensed to cellulose, hemicellulose and maltose were 
as follows : 

Data from James & James (1940) 

Hexose respired Hexose condensed to 
as calc, from cellulose, hemicellulose 

CO a emitted and maltose 

mg. mg. Ratio 

1st day 23*0 8*6 0*27 

2nd day 77*0 19*3 0*25 

i.e. approximately 4 mol. of hexose were respired for every one condensed. 

(4) Phosphorylation. Phosphates play a catalytic role in a number of biological 
reactions, and the study of their action has provided us with one of the most fully 
worked out examples of reaction-linkage yet known. The synthesis of the phosphate 
carrier adenyl pyrophosphate has come to be regarded as of first class biological im- 
portance. It involves an increase of free energy probably in the neighbourhood of 
10 Cal. per mol. and has a measured heat of reaction of 11 Cal. (Meyerhof, 1930). The 
energy is available biologically through coupling with a specific oxidation (triosephos- 
phate phosphoglycerate) without which phosphorylation will not occur. Conversely 
the oxidation does not take place in the absence of phosphate. 
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The substance oxidized is triosephosphate, and unphosphorylated glyceraldehvde or 
dxhydroxyacetone will not do. The substance reduced is the pyridine nucleotide co 
enzyme I. The total reaction may be summarized (Needham & Pillai, 1937) thus: 
phosphoglyceraldehyde + phosphate + adenylic acid + coenzyme I 

-> phosphoglyceric acid + adenyl phosphate + reduced coenzyme I. 

The mechanism of this reaction, or, in other words, the method of linking its oxidation of 
phosphoglyceraldehyde with its phosphorylation of adenylic acid, has been worked out by 
Warburg & Christian (1939) and by Negelein & Bromel (1939) using muscle preparation! 
as sources of the necessary enzymes. The primary oxidation product of phospho- 
glyceraldehyde was identified by Negelein & Bromel as x, 3-diphosphoglyceric acid in 
which the additional phosphate is linked with the aldehyde group, oxidizing it to carboxvl 


c.o.h 2 pq 3 

CHOH +H, 


CHOH +H 3 P0 4 

ch 2 .o.h 2 po 3 

3 -phosphoglyceraldehyde 

the H 2 being accepted by coenzyme I. The 
extra phosphate in the no. x position whicl 
phosphate), in the presence of a suitable en 
pyrophosphate).* 

The phosphate in the no, 
series of reactions: 

COOH COOH COOH 

CHOH St CHO . H 2 P0 3 S: c|.0.H 2 P0 3 +H»0 
ch 2 .o.h 2 po 3 CH 2 OH CH. 

3 -phospho- 
glyceric acid 

The hydrolysis of the last stage has a decrease , 
which is about equal to the increase of free 
adenyl pyrophosphate from phosphate 
By means of these reactions 
carbonyl-phosphate linkages is st< 
for farther synthesis. Hydrolysis of the pyrophosph'.i 

is) Formation of acetaldehyde. The 

also be applied to the formation of alcohol 
and butyric acids from sugar. These have 
con d not be formed without the driving process of CoT^ " 
« tnfle more difficult to translate the idea” IvL and 
terms, because we are here dealing with a r-~ § 

tolomcn 6 say in a general way that the 0<-- 
to form CO a . Ihis process has such a high affinity (i, 

* Two methods of naming 
phosphate; adenyl phosphate 


1, 3 -diphosphoglyceric acid 

I > 3 ~diphosphoglyceric acid easily loses the 
1 is transferred to adenylic acid (or adenyl 
zyme, to give adenyl phosphate (or adenyl 

3 position is also transferred to adenylic acid in a further 


COOH 
I 

c=o+h 2 po 4 
ch 3 

enol phospho- pyruvic acid 

pyruvic acid 

of free energy = 11-25 Cal. (Lipmann, 1941) 
; energy in the accompanying synthesis of 
and adenylic acid (see above). 

energy of the unstable carboxyl-phosphate and 
m the adenyl pyrophosphate and so made available 

- . - : a gain releases ~ xo Cal. per mol. 

conception of a driving and a driven reaction can 

1 and similar compounds such as acetic, lactic 
relatively high free energy contents and 

a. In their case it is 

processes into numerical 
rearrangement of atoms within the sugar 

- °" atoms concentrate on certain C-atoms 
- v i* e » proceeds with so great a loss of 

h aTe„Tr U \ dS - u denyli ° acid = adenosine mono- 
’ SdLnyl Pyrophosphate = adenosine triohosnhate. 
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free energy) that it occurs even though the grouping round the remaining C-atoms 
becomes less likely than it was before (i.e. increases its free energy). To make this 
conception quantitative we must introduce figures for the energy of the linkages between 
atoms and decide which linkages are broken and what new linkages are made. To do 
this it is easiest to operate with total energies, not with free energies, and to neglect the 
state of aggregation of the molecules or, rather, to assume that they are free molecules 
in the gaseous state. These simplifications do not affect the main issue and could be 
corrected for if they did. We take the partial oxidation of sugar with formation of C 0 2 
and acetaldehyde as an example. This reaction is usually considered to occur in the early 
stages of both fermentation and aerobic respiration and to provide a point of departure 
for many syntheses. The energy relations of the whole reaction are summarized in 
Table 3, reaction 4. For the further analysis we can write the glucose molecule in the 
following form, convenient for showing the energetic value of every linkage: 


93 93 93 93 93 93 

• • 0 0 0 • 

H*93*C*7i • C»7i*C *71 *C*7i*C *7i*C 


74 

74 

74 

74 

74 

167 

O 

O 

O 

O 

O 

O 

113 

113 

113 

113 

113 


H 

H 

H 

H 

H 


(6) 

(5) 

(4) 

(3) 

(2) 

(1) 


Group 

The heat of combustion of ‘gaseous glucose*, corresponding with these values can be 
found by imagining that the molecule is first separated into single atoms and that these 
are individually oxidized into C 0 2 and H 2 0 . The result is 733 Cal. We may distribute 
this heat of combustion among the groups formed by the separate C-atoms with their 
attendant H- and O-atoms, if we divide the 71 Cal. shown for the C — C linkage equally 
between its two C-atoms. We then arrive at the following values for the heats of com- 
bustion of the six groups. 

150-5 122*5 122-5 122-5 122*5 92*5 

H 2 COH . HCOH . HCOH . HCOH . HCOH . CHO 
(6) (s) ‘ ( 4 ) ( 3 ) (2) 00 

These figures give a measure of the energy-level of each group since they give the 
maximum energy which it can produce in the presence of oxygen. C 0 2 and H 2 0 , the 
most stable substances into which they may be converted, have a zero value. The 
formation of acetaldehyde may now be described as a splitting of the glucose molecule 
between groups 3 and 4, followed by a complete oxidation of groups 1 and 4 to C 0 2 
and H 2 0 . Groups 2 + 3 and 5 + 6 form 2 mol of acetaldehyde. This may be represented 
518*0 56|*6 


150:5 122*5 122*5 122*5 o 

h 2 goh*hgoh*hcoh*hgoh-hgoh.gho+o 2 


i . I i I ' 

186-3 95*5 186-3 95-5 o o 

>CH 3 * GHO+ CH 3 . CHO + 2CO a + 2H a O 


122*5 


92*5 


Group (6) (5) 


215 

(3) (2) 


+ 169 Cal, 
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The heat of combustion of the two groups i and 4 which a 
shown to be 215 Cali, but only 169 Cal. appear as heat of 
46 Cal. have gone to increase the energy level of the other par 
so that the heat of combustion of the 2 aldehyde molecules h 
heat of combustion of the corresponding e-rouns wEilo o+;n 


Reversibility 
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earned by complete oxidation. The smaller each die™ C ° mpa, ' d Wllh ,he cIecre ase 
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therefore, say that this minute subdivision of free enemv f/ reSpiratlon - We mi g ht - 
a special reaction, is the means bv wEtVL *u 1 Gacb P ortlon associated with 

Of respiration for ill is ' "ds ? *' pknt S " C “ eds “ “ si ”? *<>•= *<* energy 

° f ^ oxidation of 

often allotted to water in the oxidation of . 0"“'?°" PWhate has taken the par, 

virtually irreversible and proceeds with a 8r ° U ?' 1 de oxldarion with water is 

of a stable acid group. The S 2 Zf» t h ? h ° f fr “ ““S' “ * h « Nation 

With a relatively smaU Ah’ the unstable P ? 0 Splla f e > the other hand ’ is reversible 
and able to transfer phosphate and enercv Carb °^'P hos P hate product being still labile 
of scattering them as unattached phosohL Tl"' accept0IB Iik e adenylic acid instead 

A process occurring in solution or involve h ? k ° another im P°rtant consequence, 
if its free-energy decrease is small The f* S ° Utl ° n ° r gaS ’ does not g0 t0 com pletion 
depends on their concentration and the rra J* C ?f® r ° f the P artners in the reaction 
of the reactants and their products have chan^J 1 P ™ Ceed onl y untiI the concentrations 
sides of the chemical ^ free ener gy * equal on both 

consequence a series of chemical eauilihri ° T S ’ UUtd ** Comes t0 311 equilibrium. In 
shifted to one side or the other by the intrT^ ** r ? “ pknt res P iration which may be 
Shifting equilibria of this sort are Sma11 amounts of ** energy, 

metabolism. Thus it has been found t0 pky 3 consi derable part in 

described on p. 244 and to reduce phosnE 6 1 ° feverse tbe oxidation of triosephosphate 
phosphate (Meyerhof, Ohlmeyer & Mohle m JsTTh by decon f osition «f adenyl pyro- 
iere applies only to single steps; the reversal of’tb^ reversiblIit y referred to 

COg, is photosynthesis and reauireq a~„ r b , com P let e reaction, carbohydrate to 
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Work 

There are no tissues in plants capable of doing external work on a scale to compare with 
•muscles. The slow displacement of soil particles by the growth of thick roots is an 
analogous but not very impressive phenomenon. The work done in lifting weights during 
growth and by tropistic curvatures is also very small. The bulk of a tree’s canopy is not 
lifted from ground-level by the expenditure of respiratory energy (as is sometimes 
implied), but the dry matter is synthesized from atmospheric C 0 2 in situ, and the water 
content raised by transpiration. 

The term 'internal work’ is sometimes convenient but is ambiguous and needs to be 
clearly defined. There are numerous conditions in the plant of which it can be said that 
their free energy is in one way or another above the lowest level to which it might relapse 
by some spontaneous process given suitable conditions. The spontaneous process may 
or may not involve interaction with the plant’s environment. Products with a high 
content of chemical energy may be able to change to those with a lower ; highly dispersed 
structures, on account of their large amount of surface, may represent a higher energy 
level than more compact forms. Concentrated solutions may be reduced to a lower 
energy level by dilution, and substances are held apart that may reduce their free energy 
by mixing. Van’t Hoff has shown that in theory all these higher states may be attained 
from the lower by the performance of mechanical work such as the falling of a weight, 
and that if the process is carried out reversibly the increase of free energy is equal to the 
mechanical work done. If we give the name 'work’ to everything that could be produced 
by mechanical work in such ways, then we might speak of chemical work, the work of 
forming structure, concentrating a solution and so on. In reality, however, the internal 
structures of plants such as lignified or cellulose walls, protoplasmic membranes, plastids 
and even the dispersed colloidal state, originate during the actual chemical process of 
their formation. The same is often true of concentrated solutions. It cannot be said that 
any work has been done specifically to create the structure, only that the decrease of free 
energy connected with the chemical process is not as great as it would have been had the 
substances been formed with their lowest possible content of free energy, i.e. as crystals, 
dilute solutions, and so on. Even if a dilute solution is afterwards concentrated, it is not 
done by mechanical work as will be shown later (pp. 248 et seq.). To avoid confusion, 
therefore, we prefer not to use the word 'work’ in this connexion ('internal work’, 
'chemical work’, etc.) and to confine it to the strict thermodynamic use of mechanical 
work and electrical work as discussed below. 

The differences .of free energy associated with different concentrations (cf. p. 239) and 
states of aggregation are usually much smaller than the changes of free energy in chemical 
reactions. It may be remarked in .passing that the transition from a compact to a dispersed 
state is not always accompanied by an increase of free energy. Where molecules with 
hydrophile groups are concerned, the formation of a colloidal sol or gel from the compact 
state may be a spontaneous process accompanied by decrease of free energy. The 
biological significance of colloids lies, to a large extent, in their capacity for adsorption 
on account of their high specific surface; or, in other words, for determining the distri- 
bution and arrangement of adsorbable substances. The amount of energy involved in 
all this is very small when compared with the total energy turn-over of the living system. 

A further difficulty arises if mechanical effects inside the plant are treated as work. 
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In thermodynamics work is the energy exchanged between the system and its environ 
n, which alters the energy of some mechanical or electrical arrangement belonging 
he environment. If other kinds of energy were inserted into the conventional therlrf 
ynamic equations as work, they would lead to erroneous conclusions This difficult' 
could be avoided by a suitable definition in each case of the system 
When a cell grows against a tissue pressure it could be regarded as the system dTin 
work on an environment of other cells. Even the cell wall being stretched b/th^T 8 
o its contents might be considered outside the system. Cell division on the othemhanT 
funushes an example of visible mechanical effects even more inti i“i n ^ 

the t ) m ° Unt ° f ener§y mvolved a PP ear s, however, to be negligible and fails to affect 
the total energy consumption measurably (Gray, 193 1). ^ 

streaX eW o h r a£ the iffer t ent C ° nsideration a PP lies t0 the ki ^ic phenomena of protoplasmic 
, b tke active movements of chromosomes in living cells which have k 

“t ™ a 7 M ~ 

— in": rS' Continuous Supply of free energy, which „ 

cell, , state chaZZtd S ° Ur “ of fr “ being within the 

value auH Y mal movemen ts cannot maintain a constant free energy 

b"t”Xtr‘T "f CUW “ *° a ibermodynamic treatment. These need 
VT decZse „? f Z ‘ “ ° f °° i * minOT “portance Plots. 
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Sio- “ ■ tt : v T;T„r y by , d ; ff " ion r" the most prob * bk «>* «»£ ■ 
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substances is hardly ever used to 7' 7 y xlng of two separately dissolved 
a cell may be reZded i Z t “ l T W ° rt ' M P ° inKd “ above, 

pressure against the tumor 7 11 “ P “ ds •> 3 result of its osmotic 

relatively rigid cell wall grows enT*. o ” s “ rrolmdm S r - t]h - On the other hand, if a 
its sucfiL preZr^Sls oZ , ‘ “^7 d »'>°P» » *be cell, i.e. if 

pressure difference in their slow ^ preSS ^. tfle waIls do work by overcoming the 
(Bennet-Clark, Smenwt d & r? in young tissues 
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energetics of osmosis and diffusion. *" * ^ 6 USefuI t0 say a little more about the 
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environment outside the fluids. If the dilution is carried out reversibly, in a thermostat 
in the presence of a semipermeable membrane, i.e. by letting the volume of the solution 
increase against an external pressure equal to the osmotic pressure, the total energy is 
not altered either, since the initial and final states are the same as in the irreversible 
process mentioned above. But work has been done equivalent to the decrease of free 
energy in the system at the expense of heat absorbed by it from the thermostat. The free 
energy is thus not determined by the total energy of the system but by the probability 
of distribution of the dissolved molecules, all distributions being iso-energetic. In 
general, total energy and distribution together determine the free energy and only when 
distribution remains unaltered is total energy the deciding factor. 

The heat of the environment is made available to do work in the osmometer in the 
following way. As long as the temperature is kept constant the dissolved molecules have 
a free translational energy of f kT, equally distributed among the three dimensions of 
space. This energy of random movement produces the osmotic pressure and the dissolved 
molecules do osmotic work at the expense of its component \kT allotted to the direction 
in which the external pressure is overcome. The energy deficit thus caused is immediately 
made good by collisions with water molecules, which in turn draw energy from the 
environment by further impacts. Heat is thus transferred spontaneously from the 
environment and no other source of energy comes into play. Conversely, if work is 
done upon the system as in a tissue subjected to mechanical pressure, the energy of the 
dissolved molecules is increased and then dissipated as heat to the water and so to the 
environment. If the action is slow, it is quantitatively reversible. Molecules freshly 
formed by chemical reaction, or newly brought into solution, also spontaneously acquire 
the appropriate heat energy by collision, and it is again the environment which provides 
the energy that enables them to do osmotic work. 

Electrical energy can theoretically be transformed completely into mechanical energy 
and vice versa and the two are thermodynamically equivalent. Electromotive forces are 
present in animal tissues and to some extent in plant tissues also. They afford an example 
of the increase of free energy due 5 to segregation. Ions of different kinds or concentrations 
may migrate apart and produce an electric field instead of diffusing irreversibly or reacting 
directly with one another. Such bio-electric currents may help to bring about chemical 
results such as polarization and to degrade further energy to heat. 


Salt accumulation 

It would appear from recent investigations that an increase of free energy is connected 
with the accumulation of soil solutes by roots. It is now a commonplace of absorption 
studies that nutrient ions may be accumulated within suitable cells and tissues to a 
concentration greatly in excess of the external. Since free energy increases with con- 
centration, the question arises: What is the source of this energy and what machinery 
applies it? 

Two kinds of salt accumulation have to be distinguished : the secondary accumulation 
of ions in mature tissues, and the more effective primary salt accumulation of rapidly 
growing tissues which are in the meristematic or juvenile phases or which have become 
active by rejuvenation (Steward, 1935)* In secondary ion accumulation only one ion, 
usually the cation, increases its concentration while the ions of other sign (anions) 
decrease and the product of the two concentrations remains constant. The cation con- 
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with diffusion of other ions, but rather with spontaneous chemical reactions, like the 
processes discussed in previous sections. The principle of a method by which a chemical 
reaction could be coupled with salt accumulation is given below. 

Beside the external solutions from which the salt is being absorbed, it is necessary to 
suppose the existence of two membranes and two reaction zones arranged as shown below: 
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Zone 1 is separated from the external solution by membrane i and from zone 2 by 
membrane 2. The ions, I and O, of a strong electrolyte penetrate the membrane M 1 
into the reaction zone (zone 1) where a substance X is being continuously produced, 
X is capable of combining with the ion I to form the compound XL Neither X nor XI 
can penetrate membrane 1 into the external solution, but both may pass membrane 2 into 
the second zone. In this zone, either in its general volume or at its boundary surface, 
X is consumed whether it is in the free form or combined as XL The released I ions 
are incapable of penetrating membrane 2 and accumulate indefinitely. The ions O, of 
opposite charge, migrate into zone 2 to maintain electro-neutrality. 

Such a scheme as this can be applied to plant tissues in more than one way. We may 
take as an example a young tissue which is rapidly accumulating salts and whose cells 
are vacuolating. Membrane I may then be supposed to represent the plasma membrane 
at the outer surface of the cytoplasm; zone 1 the cytoplasm itself; zone 2 the developing 
vacuole and membrane 2 the tonoplast between vacuole and cytoplasm. According to 
our suggestion the ion I accumulates in the growing vacuoles because it combines in 
the cytoplasm with some intermediate product of metabolism — X. This substance has 
so high an affinity for the material of the inner membrane that it is able to penetrate it 
to the surface of the vacuole, even when combined with the ion L Here, at the interface 
between cytoplasm and vacuole, X may suffer its next transformation to X\ which is 
sufficiently drastic to release I. The substance X' remains capable of diffusing back into 
the cytoplasm through the tonoplast; but I is unable to do so and must accumulate in 
the vacuole. X' may be irreversibly destroyed and replaced by a new X molecule in the 
normal course of metabolism, or it may be retransformed in the cytoplasm to X by 
coupling with processes of sugar-breakdown, so that a very small quantity of X would 
be sufficient to cause the accumulation of I. It is most probable that 0 2 is required for 
these processes, if only for the reason that 0 2 is necessary for nearly all the useful 
activities of the plant (cf. next section) and especially for the chemical transformations of 
X and its derivatives. The assumption that the cytoplasm-vacuole interface is a catalytic 
surface is not at all improbable because the vacuole begins as a collection of points 
at which freely soluble substances are developed. These link together and enlarge during 
the growth of the cell merely owing to the osmotic properties of the system called 
into being. 

The ion O, of opposite charge to I and able to pass through both membranes, is held 
within the vacuole by its electrostatic attraction to /. It is not necessary to suppose that 
it will occur in equivalent amount to /, as in the external solution, since ionic exchanges 
as described under secondary ion accumulation may occur both in the cytoplasm and 
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in the vacuole itself with ions derived either from respiratory carbonic acid or othe 
sources. Indeed it frequently happens that one ion of an absorbed salt accumulates to 
a markedly greater extent than the other, even in young and rapidly absorbing tissues 
(Steward, 1932a). We venture to suggest that this mechanism fits the known facts of 

primary salt accumulation as described on p. 250 and involves no assumptions unfamiliar 
m cytology. 

Biological value of the energy of anaerobic respiration 

Pasteur suggested that fermentation provided energy enabling yeast to grow to some 
extent m the absence of oxygen. Pfeffer (1900) applied the idea to the anaerobic re 
spiration of higher plants, and Oparin (1938) has extended it so far as to suppose 
anaerobiosis the precursor of an oxidative metabolism in evolution. According to Table 1 
the free energy of the fermentation reaction is 9 -xo% of the free energy of the hexose* 
0x1 ation, and there is evidence that sugar decomposition is accelerated under nitrogen 

nf T SS “ mmg that the aeroblc f nd anaerobic reactions approximate to reactions 1 and 2 
of Table 4, the ratio of sugar breakdown in nitrogen and air is about 3 in barley (James 

n I94 ° } and 3 ' 9 ^ 4 ' 9 m apples (Blackman, 1928). Hence, from the data of Table 4 
(last column), it follows that the relative rates of free energy release are: 4 

Aerobic 708-3 

Anaerobic (barley) 211-2 

Anaerobic .(apples) 316-8 

I htse anaerobic figures are far from negligible in comparison with the aerobic nor are 

rot I" N U ~T f ^ data great Cn0Ugh t0 be likdy t0 make them 80 ( c f- Fidler 
x 933 )- Nevertheless, the conception of. anaerobic rpsnirafm-n oo «-» *r - 



is not in itself enough. There must also be an adequate supply of oxygen. Steward 
(1935) noted that absorption fell off more rapidly than respiration in percentages of 
oxygen below atmospheric. In the total absence of oxygen there was actual loss of solute 
from the tissues. We have ourselves noted a similar effect with a dye. Methylene blue 
is rapidly absorbed by barley roots from a dilute and aerated solution but passes out 
again if the roots are laid on a moist filter-paper and enclosed in an exhausted Thunberg 
tube; though it is retained if the filter-paper is merely moistened with aerated water. 
On readmission of oxygen the blue colour, temporarily bleached by the reducing power 
of the roots, reappears on the filter-paper in contact with their external surfaces. The 
movement of substances against their normal diffusion gradient has also been shown to 
be associated with increased oxygen consumption in kidney. Absorption of water by 
potato disks is almost suppressed by the absence of oxygen and io -6 heterauxin simul- 
taneously increases their water absorption, respiration and loss of starch (Reinders, 1938). 

Since water absorption depends largely on transpiration, the influence of respiration 
on it may rather be catalytic, as by the production of a substance increasing permeability 
or reducing wall pressure, than by supplying free energy. It is possible that in one or 
other of these ways respiration has a contribution to make towards positive sap pressure, 
though it seems unlikely to be a very large one. 

It has long been known that leaves floated on sugar solutions will only synthesize 
starch from them if well aerated. Recently, McCready & Hassid (1941) have shown that 
barley shoots infiltrated with 5 % glucose will only form sucrose if oxygen is present. 
There was no gain of sucrose after 24 hours in nitrogen, a large gain in oxygen and an 
intermediate one in air. The very low energy requirements of these syntheses could 
certainly be covered by anaerobic glycolysis. 

Streaming of the protoplasm is one of the most sensitive of all vital activities to a 
shortage of oxygen. Besides the direct observation of the necessity for free oxygen, 
there is also its reaction to narcotics which at very low concentrations accelerate its rate 
and at higher concentrations retard it (Ewart, 1903). This is similar to the effect of 
chloroform on the oxygen consumption and C 0 2 emission of respiration (Thoday, 1913 ; 
Irving, 1911). Very dilute doses of cyanide inhibit respiration (James & Hora, 1940; 
Thomas & Fidler, 1941), and also retard protoplasmic streaming. It is worthy of note 
that the inhibiting doses of cyanide and chloroform (provided the cells do not contain 
abundant polyphenols) depress the absorption of oxygen more than the emission of C 0 2 . 
The cyanide doses are also known to inhibit the action of plant oxidases and peroxidases 
(James & Cragg, 1941). The significant point is thus made that it is oxygen consumption, 
not sugar degradation, that is the essential factor. Further information may be derived 
from the use of indole-3 -acetic acid (heteroauxin). This accelerates oxidative respiration 
rates at a concentration of io~ 8 (Reinders, 1938), and under suitable conditions it has 
been shown to accelerate protoplasmic streaming at 10 8 (Sweeney & Thimann, 193^)- 
The suitable conditions include a simultaneous supply of sugar and adequate oxygen. 
It is noteworthy that at io- 8 , although the effect on streaming can be observed, the effect 
on .respiration eludes direct measurement. The same authors have made the very 
significant observation that streaming has to compete with other processes for the 
available oxygen. If their consumption is increased— as by an overdose of indole-3- 
acetic-acid or by 2, 4-dinitrophenol— protoplasmic streaming is retarded. In an unstirred, 
unoxygenated medium streaming slows down as an oxygen gradient is established. We 
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thus come to the conception of a very close relationship indeed between protoplasm 
streaming and oxygen consumption. F ™ C 

lt 'l s ZT d ° ubtful whether the vital structures of the cell can be maintained anaero 
bically. The protoplasmic structure of young barley leaves placed under nitrogen breaks 
down so completely that the cell contents ooze into the intercellular spaces within thl 
first 48 hours. There has been no visible loss of chlorophyll and probably no appreciable 
proteolysis when this happens. This is a great contrast with events in air where slow 
starvation . precedes protoplasmic disruption. The nitrogen effect is exactly repeated if 
oxidation is inhibited by dilute cyanide (James & Hora, 1940). It would seem, therefore 
that without oxidative respiration deterioration of the protoplasm sets in from the verv 

rite ofbretkdo^! 6 “ ^ ^ maintenance under nitr °g en > only a measurable 

All these considerations lead one to the conclusion that plants are unable to use the 
energy of anaerobic respiration for many biological purposes. This remains true even 
^ Udes ana f° blc oxida tions and a more than adequate decrease of free energy 
Although they may be able to incur small ‘oxygen debts’, they need a continuous' 
oxygen supply for normal running. The oxygen is rarely involved as a direct reactant but 
by one means or another, it brings into existence chains of reactions which provide the 
essential energy links coupling sugar degradation with each energy-consuming process 
We may thus conceive numerous reactions competing for the available oxygen The 
eneigy amiable for any particular process will not be the whole of the free 

snerifie? SmiultaneousI y decomposed, but Only that fraction of it which its 

peuhc linkage reaction can secure in competition. Nor is there any reason to suppose 
that the sum total of the linkage reactions will succeed in trapping all the free energy 
decrease into biologically useful channels. Rather have we good reason to belies 

g™ 3 b£htTwS«ed! aer ° b ‘ C respira,i0 ' 1 ° f * he m ° re UghIy ° r *“ izKl ** 

Summary 

Plant respiration is accompanied by a continuous decrease of free energy which appears 

to be a necessary condition for the continuance of life The free enemv « „ A ! ZZ a 

to any appreciable extent in doing work in the strict thermodvoam’ ^ * tlllZed 

the release of tntal ArvAt .^ r • . . , t e smct thermodynamic sense; moreover 

— * —« .00? bea * ,0 S' 

^ V tfflLT^dSr^T ergy by „ the reaai0ns *yntei» Ap»Lm 

,s useless ,o * he piaM ^ is *» ■» »*»« » _ 

— T e susar mataia ^ 

chemical. The free energy relations of some hJl • the . mosl massive of these are 

ascertained under a variety of conditions When th y ^ m P ortant reac tions can be 

together with some ^ ?“*** ° f reaction 

substitute and afford an indication whether III 37 pi ® Vlde a useful thou § h imperfect 
with other reactions The minute lj- • - g Ven reactl °n can take place or be coupled 

reactions secure the performTncelf b i 1VlS1 ° nS !inka § es of the metabolic 

usually oxidations, able to supply T means of reactions, 

” ^ ta * P rocesse s such as organization, salt 
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accumulation, cell division, protoplasmic rotation and many others involve the turn-over 
of much smaller amounts of energy which they obtain indirectly from respiration. The 
decrease of free energy may be far in excess of their requirements and yet remain wholly 
unavailable if the reaction-sequence is unsuitable. The large energy turn-over of anaerobic 
respiration is almost useless to the plant for this reason. 
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A COMPOSITE POLLEN DIAGRAM FROM 
CO. MEATH, IRELAND 

By G. F. MITCHELL 

Trinity College, Dublin 
(With one pull out diagram) 

Preliminary 

Prof. Knud Jessen of Copenhagen visited Ireland in the summers of 1934 and 1935 to 
investigate the quaternary deposits, especially the peat deposits in which the country is 
so rich. Examination of the samples collected had not been completed by 1939, and the 
full results of Prof. Jessen’s investigations cannot be available in the British Isles until 
after the war. A preliminary scheme of Irish forest development has been published and 
a series of zones into which Irish pollen diagrams may be divided indicated (Jessen, 
1937). In recent years the study of post-glacial deposits has gone on energetically in 
England, and the purpose of the present paper is to make available (pending the publi- 
cation of Prof. Jessen’s material) a pollen diagram from the east of Ireland which appears 
to be typical for that part of the island. 

Dr Godwin has drawn up a general scheme of forest development in England and 
Wales based on pollen diagrams covering the whole post-glacial period (Godwin, 1940). 
The diagrams have been divided into a series of zones. Unfortunately, the notation of 
the Irish zones does not coincide with that of the English zones, though the zones them- 
selves (based as they are on stages of forest development) are largely in agreement. In the 
present paper the word 'phase’ will be used as a synonym for 'zone’. In this way the 
confusion, which it is hoped will be removed by bringing the Irish notation into agree- 
ment with the English, will not be increased. The word 'pollen-horizon’ will be used to 
describe a level in a pollen diagram defined by a certain relation between the tree pollens. 

The diagram 

The existence of a crannog in a drained lake basin to the east of Dunshaughlin, Co. 
Meath, was first noted over a century ago (Wilde, 1840). The crannog was excavated by 
the Harvard Archaeological Mission in 1934, 1935 and 1936, and at the same time the 
deposits in the basin were examined by the author, principally by a series of borings across 
the basin running through the crannog. The author is much indebted to Dr H. O’N. 
Hencken and the other members of the American Mission for assistance in the field. 
An account of the stratigraphy (illustrated by pollen diagrams) has already been published 
(Mitchell, 1940). The country in the vicinity of the basin, which lies at about 350 ft. O.D., 
is built up of undulating ridges of boulder clay rich in limestone. The deposits in the 
basin are chiefly lacustrine, but marginally there is a superficial layer of fen peat. None 
of the borings suggested that trees of the ‘carr’ type had ever invaded the margin of the 
fen, and the pollen diagrams seem to be free of major local distortions, though the slopes 
surrounding the basin were doubtless well wooded. 

*8-2 
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The pollen diagrams indicated that the rates of deposition in different parts of the basin 
had varied widely. While no single diagram showed a continuous record from the early 
post-glacial period till ca. a.d. 1800 when the basin was drained, each stage of forest 
development was illustrated by at least two diagrams, between which there was always a 
close agreement. It seemed therefore that a composite diagram giving the complete 
record could be prepared by arranging certain shorter diagrams serially. 

As the rate of deposition throughout the period had not been constant, it was obvious 
that it would be misleading to relate the vertical height (and consequently apparent 
duration) of each phase in the diagram to the thickness of deposit that had accumulated 
at the site of the particular samples chosen to represent it. Two alternatives suggested 
themselves. The first was to allot to each phase the same vertical height with the con- 
sequent disadvantage that the duration of each phase would appear to be the same, 
which is. certainly not the case. The second was to assume that certain well-marked 
features in Irish post-glacial development were at least approximately contemporaneous 
with similar features in Scandinavia, to arrange the Meath pollen-horizons corresponding 
to these features at vertical distances from one another proportional to the time that 
appears to have separated the features in Scandinavia and to construct the diagram round 
this framework. 

The second alternative was adopted. The features selected were (i) the late-glacial 
solifluction deposit, assumed to be contemporaneous with the upper Dryas clay of 
Denmark (Jessen & Farrington, 1938); (ii) the increase of Coryhis to a maximum, 
assumed to be contemporaneous with the beginning of the Boreal maximum of north- 
west Europe (Erdtman, 1928); (iii) the end of the Corylus maximum, assumed to be 
contemporaneous with the beginning of the Baltic Littorina transgression (Jessen, 1940); 
and (iv) the abrupt and widespread appearance of fresh Sphagnum peat, assumed to be 
contemporaneous with the Grenzhorizont of the bogs of north-west Europe (Jessen, 
I 934)- The corresponding pollen-horizons were arranged at the same distances from 
one another as separate the features in Jessen’s scheme of post-glacial development in 
Denmark (Jessen, 1939). The late-glacial horizon lies at the base of the diagram (Fig. 1), 
the other pollen-horizons are indicated by horizontal lines, and the top of the diagram 
corresponds with the date a.d. 1800. The analyses falling between any two of the selected 
pollen-horizons were arranged at equal distances from one another. This spacing makes it 
appear that the spacing of the samples (from which the analyses were prepared) differed 
at different levels; 10 cm. was the maximum interval between any two samples. 

The composite diagram was prepared from the following diagrams of the original 
paper ; Fig. 5 (in part), Fig. 6, Fig. 8 (in part), and Fig. 9. The extent to which assumption 
and adjustment have altered the original data may be seen by comparing the composite 
with the original diagrams. Other examples of the adjustment of pollen diagrams to an 
arbitrary length may be seen in a paper by Rudolph (1930). - 

■ 1 Discussion 

Irish diagrams from late-glacial deposits have already been discussed (Jessen & Farring- 
ton, 1938); as the corresponding deposits in England have yet to be elucidated, the late- 
glacial phases have been omitted from the diagram, which begins at the beginning of the 
post-glacial period proper. 

I he first phase is marked by the dominance of Betula y Finns and Salix being the only 
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other trees represented; non-tree-pollen (not shown in the diagram) is abundant. The 
phase is referred to as Zone IV in England and Wales (Godwin, 1940) and in Ireland 
(Jessen, 1937). In Ireland Finns tends to fall as the phase progresses, and Jessen has 
suggested (in litt .) that this may be due to over-representation of Pinus at the beginning 
of the phase due to transport of this pollen from a distance. In England, on tire other 
hand, Pinus tends to rise, especially in the south and east. 

The beginning of the next phase is marked by the appearance of Corylus pollen in 
considerable amounts. Corylus increases rapidly throughout the phase. In England the 
rise in Pinus continues, and in the south and east it displaces Betula from the dominant 
position ; in the north and west the increase in Pinus is less marked, while in Ireland, 
though there is a tendency for Pinus to rise to a maximum, the position of Betula is never 
seriously challenged. Salix is reduced and the n.t.p. retreats very markedly. The phase, 
known in England as Zone V and in Ireland as Zone Va, is brought to a close with the 
appearance of Ulmus in quantity. At the same time there is frequently a Pinus maximum. 

In the next phase JJlmus rises rapidly to importance and Corylus is maintained at a very 
high level. In Ireland values over 1000% are regularly recorded. Quercus appears in 
quantity. Betula undergoes a marked reduction and Pinus also falls back. Salix retreats 
to an insignificance from which it never again emerges. The phase is known in England 
as Zone Via and forms in Ireland the lower part of Zone Yb . 

The rise of Quercus to a maximum marks the next phase, Zone Ylb in England and a 
later stage of Zone Yb in Ireland. Ulmus and Corylus fall back slightly from their previous 
values and Betida and Pinus continue at low values. At the end of the phase Ulmus climbs 
once more, but Corylus commences a rapid fall. 

The next phase is marked by a pronounced minimum in Corylus , a reduction in Ulmus 
and Quercus , a marked maximum for Pinus and the appearance of Alnus in some quantity. 
The phase is recognized in England as Zone Vic but has not hitherto been recognized in 
Ireland where it occurs at the transition between Zone Yb and Zone VI. 

Alnus climbs steadily to a position of importance and throughout the next phase 
(Zone VII in England and Zone VI in Ireland) Alnus , Quercus , and Ulmus maintain 
considerable values, while Betula and Pinus are of lesser importance. The climatic 
optimum falls within this phase, and in the absence of Tilia , Carpinus and Fagus it is 
difficult to trace well-defined phases in the subsequent deterioration of the Irish forests. 
At a time earlier than that marked by the sudden renewal of growth in the raised-bogs 
Pinus virtually disappears from Irish diagrams. The disappearance is often preceded by 
a small but well-defined Pinus maximum (not seen in the Meath diagram). It is probable 
that this temporary increase in Pinus is the equivalent of the Pinus maximum that marks 
the beginning of the English Zone VII/VIIL 

Jessen has pointed out (in litt.) that in Ireland the subsequent reduction in Pinus is 
usually associated with a maximum for Quercus (sometimes accompanied by a rise in 
Betula ), while Alnus and sometimes Ulmus are reduced. Such a horizon is clearly seen 
in the Meath diagram bringing the Irish Zone VI to an end. A similar horizon is sug- 
gested in diagrams from Shropshire (Hardy, 1939) and Wales (Godwin & Mitchell, 
1938 ; Hyde, 1940). The horizon lies below the renewal of the growth of Sphagnum peat. 

In the latest phase of several Irish pollen diagrams there is a pronounced rise in Betula , 
but neither the beginning of the rise nor its completion has as yet been closely linked with 
the behaviour of the other tree pollens. In his Irish material Jessen recognizes a Zone 
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VIII in which Betula has returned to importance. In England a similar rise in Betula 
occurs and the associated behaviour of Carpinus and Fagus enables a reasonably precise 
horizon to be established; here Zone VII/VIII ends and Zone VIII begins. 

Comparing the post-glacial forest development in the east of Ireland, as typified by the 
Meath diagram, with the corresponding development in England and Wales, it is apparent 
that as long as the post-glacial climate was improving forest development in each area 
followed closely parallel courses, doubtless in response to the climatic factor. But as 
soon as the optimum had been passed the courses ceased to be parallel, and each became 
much less clearly defined. Climatic deterioration may have allowed an added importance 
to local factors. Godwin has made a similar observation on the relation between the 
forest history of England and Wales and that of the Continent (Godwin, 1934). 

In the English Zone VII, immediately the optimum has been passed Ulmus shows a 
considerable reduction in quantity ; in the east of Ireland no similar movement can be 
traced. In England there is some consistency in the later movements of Ulmus-, in Ireland 
no such consistency has as yet been established. In England Pirns sinks to a low level 
before Zone VII is far advanced; in Ireland it is often maintained at considerable values 
till a later period, only sinking to insignificance a short time before the renewal of growth 
m the raised-bogs. . In both areas there is a late return of Betula to importance. In 
England the return is accompanied by the persistent appearance of Carpinus and Fagus- 
m Ireland no such guides are available. a J 

It is fortunate that Carpinus and Fagus never rose to positions of importance in the 
orests of England and Wales, for had they done so the small movements of the other 
rees would have been completely submerged. Detailed study of the late minor oscil- 
lations in both areas may yet enable correlation to be carried further forward. For the 
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ponent of the English woodlands. In England and Wales pollen of this tree does little 
more than mark the attainment of and subsequent decline from the climatic optimum 
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A composite pollen diagram from near.Dunshaughlin, Co^Meath, extending from the beginning of the 
post-glacial period till ca. a.d, iooo. 
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REPRODUCTION IN DRAPARNALDIOPSIS INDICA 

BHARADWAJA 

By RAMA NAGINA SINGH, M.Sc. 

Department of Botany , Benares Hindu University 
(With 59 figures in the text) 

Introduction 

The genus Draparnaldiopsis was established by Smith & Klyver in 1929 on the basis of 
the study of a single species (D. alpinus ) from the U.S.A. The Indian species, i.e, D. 
indica, described by Prof. Bharadwaja in 1933 ? was collected from a shallow pond at 
Benares in August 1931. As the Indian form differed from the American one in some 
respects, the diagnosis of the genus was amended to include the Indian species (cf. 
Bharadwaja, 1933, p. 9)- D. indica Bharadwaja has by now been collected from many 
places in the United Provinces. It has also been found growing in some parts of Assam 
(cf. Parukutty, 1939) and at Lonavla, Poona District. 5 * Except for those mentioned no 
other species of the genus has been discovered. 

v* In recent years Draparnaldiopsis has aroused considerable interest (cf. Fritsch, 1935? 
p. 254) on account of certain peculiarities, viz. (1) differentiation of the filamentous plant 
body into main axis bearing long and short laterals of unlimited and limited growth 
respectively ; (2) differentiation of the main axis into alternately arranged long internodal 
and short nodal cells ; {3) long laterals repeating the structure of the main axis, and the 
short laterals showing no evidence of an axis and being broadly orbicular owing, to the 
spreading nature of their subulate branches that terminate in long hairs; (4) the origin 
of both kinds of laterals from the median portion of the nodal cells only, the long laterals 
to the number of one to four and the short ones in pairs or in whorls of four; (5) pro- 
duction of branched rhizoids from the basal cells of the main axis (generally arising as 
independent structures and sometimes representing modified short laterals), as well as 
from any part of a lateral of limited growth and only occasionally from internodal cells, 
sometimes forming a dense cortical covering around the main axis and the bases of the / 
branches (Figs. 1-4) (cf. Bharadwaja, 1933, Text-fig. 2 A-G ; PL VIII, figs. 2-4). This 
genus, perhaps, exhibits the highest differentiation of the plant body among the Chaeto- 
phorales. So far only the vegetative parts of the plant have been described and the repro- 
duction has not been studied. It is with this that the present investigation is mainly 
concerned. 

The material collected by the writer was from a shallow pond near the village of 
Pahari, about f$ur miles from the Benares Hindu University grounds, where it was 
growing profusely on aquatic angiosperms. In the initial stages, the habit of the plant 
is almost like that of a Chaetophora ; later the gelatinous balls enlarge and become more 
diffluent. Finally, the alga presents a dark green beaded appearance owing to the for- 
mation of a large number of laterals from the nodal cells, thus simulating the habit of a 

* The writer has received specimens from this locality collected by Prof. V, V. Apte of Fergusson College, 
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Batrachospermum . The living alga examined under the microscope at 8.30 a.m. showed 
numerous swarmers outside the plant, some actively moving, while others had ceased to 


Figs. 1—4. Draparnaldiopsis indico. Bharad. 1, part of the main axis, showing the alternately arranged nodal 
and internodal cells and the development of the short laterals from the median portions of the former; 
2, part of a nodal cell, showing the origin of short laterals from its median portion; 3, part of the mam 
axis, showing several internodal between two nodal cells; 4> part of a long lateral of the 1st order, showing 
the formation of similar laterals of other orders. All X 800. 


move. In certain cells of both the short and long laterals the deep green granular con 
tents had divided. A portion of the material was kept in pond water, while some 
were cultured in the following medium (cf. Kufferath, i 9 2 9 > P- 60) : soil extract, 1000 c.c. ; 
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Ca(N 0 3 ) 2 , 0*25 g.; K 2 HP 0 4 , 0-06 g.; MgS 0 4 , 0*06 g.; KN 0 3 , 0-06 g.; trace of ferrous 
sulphate." The soil extract was prepared by boiling 1 kg. of soil with 1 kg. of water for 

2 hr. under a reflux condenser. The extract was allowed to settle for at least a fortnight 
before it was decanted off. The cultures were made in a solid medium, obtained by 
adding 3 % agar to the above solution in Petri dishes. Plants were inserted in the agar 
while it was setting. After the agar had set, it was well covered with more of the culture 
medium. Material thus grown did not, in general, form zoospores. Pieces of old plants 
were therefore removed from the agar on which they were growing and inoculated into 
fresh agar, so that they were not deeply embedded. They were then covered as usual 
with more of the culture medium. This procedure proved quite successful, for on the 
morning after inoculation a large number of laterals of different orders formed zoospores. 
Material grown in pond water also formed zoospores after about 24 hr., but these plants 
did not survive long. The observations given below were made on plants grown in 
cultures and also on living material freshly collected from the pond. The ecological 
factors were investigated in the field, excepting the redox potential and potentiometric 
pH value determinations. 

Factors controlling swarmer-formation 

During the rainy season (July-Sept.), when the present investigation was carried out, 
swarmer formation takes place early in the morning. It starts at about 6 a.m. and con- 
tinues up to 9.30 a.m. ; but if the cultures are kept in the dark, it can be delayed for 2 or 

3 hr. and will occur within a few minutes of bringing them into the light at any time 
between 6 and 11 a.m. On the other hand, if cultures are kept in the dark for a longer 
time, swarmer formation ensues while they are still in the dark, and generally between 
10 a.m. and 12 noon. Under these circumstances, however, many of the zoospores do 
not escape from the cells, but develop as thick-walled hypnospores. 

ThtpH of the medium is an important limiting variable controlling swarmer formation. 
An alkaline medium is quite favourable for the initiation of the process. From 6 to * 
8.30 a.m., the pH of the pond water in nature, as determined with the help of a B.D.H. 
universal indicator and checked by the potentiometric observations in the laboratory, is 
between 7-2 and 7*5, and this appears to favour the production of macrozoospores and 
gametes. After 8.30 a.m., when the pH increases from 7-5 to 8*5, the formation of these 
two types of swarmers is arrested and microzoospores are produced. 

At the time of formation of macrozoospores and gametes the redox potential of the 
pond water varied between 310 and 340 mV. (E 7 values). The modified ammonium 
thiocyanate test resulted in the reductivity being two and the diphenylamine test for 
nitrates was negative in response. A reducing condition of the medium therefore 
obtained during the formation of these two types of swarmers. On the other hand, 
microzoospores were formed when the oxidative intensity was high. The E 7 values, at 
this time, varied between 380 and 410 mV. The ammonium thiocyanate solution gave 
a slight red colour which persisted even after the addition of hydrogen peroxide, pos- 
sessing almost the same intensity. The diphenylamine test gave a slight blue coloration. 
The explanation for this no doubt lies in the enhanced photosynthetic activity of the 
alga so that more and more oxygen is being liberated, which promotes oxidative pro- 
cesses. 
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Production of swarmers and their liberation 


Swarmer formation is confined to the laterals, as in Draparnaldia plumosa Ag. (Johnson, 
1893, p. 295, PI. XXXII, fig. 2). During the 24 hr. preceding the actual commencement 
of the process, most of the cells of both the long and short laterals, excepting the nodal 
cells of the former and the terminal hair cells of the latter, undergo a division, which is 
accompanied by the formation of a thin transverse wall (Figs. 5, 11). Such walls do not 
constrict the filament to the same extent as the original cross-walls. A second transverse 
division (Figs. 6, n and 23), and sometimes a third one, may also occur. Thus, in the 
filaments which are about to form swarmers, the cells usually appear in distinct pairs 
or in groups of four or more (Figs. 6, 11 and 23). Each such group shows a fairly thick 
septum at either end where the filament is considerably constricted, while the individual 
cells of the group are separated by very thin and only slightly constricted walls (Figs. 6, 
11 and 23). The typical appearance of the plant is thus greatly altered, while the alternate 
arrangement of nodal and internodal cells in the long laterals, and occasionally in the 
main axis also, is lost (Figs. 3-7, 11 and 23). The several cells thus formed between two 
nodal cells no doubt represent the products of repeated division of the original single 
internodal cell. The nodal cells vary in shape and size. They are both short and long, 
discoidal and barrel-shaped, rhomboidal or polygonal (Figs. 4-6, 11, 12 and 22-24). 
The branches do not always arise from the middle of these cells but may originate from 
any part (Figs. 4-6, 11, 12 and 22-24). They sometimes arise in groups of more than 
four (Figs, 4, 11), as is especially the case at the apices of the long laterals (Fig. 23). 

The first sign of the imminence of swarmer formation is a gradual elongation and 
turgidity of the contents of the reproductive cells which enlarge with great rapidity 
(Figs. 5, 6, 11 and 23). While the newly formed transverse walls increase in width, the 
older cross-walls stretch only slightly, no doubt because of their greater thickness (Figs. 
5-7). Consequently, each group of cells becomes markedly barrel-shaped, with the 
widening walls separating the individual cells of the group becoming so thin as to be 
almost indistinct. Slight constrictions, however, indicate their position. Simultaneously 
the protoplast begins to round off and recede from the cell wall so that the filament 
ultimately contains a number of rounded protoplasts equal in number to the newly 
formed cells (Figs. 7, 12 and 23). In the next stage the rounded protoplasts acquire the 
characteristic shape of the swarmers and the flagella develop. Liberation of the swarmers 
takes place by the complete gelatinization of the longitudinal walls (Figs. 8, 12). The 
lateral branches are often almost completely used up in this process, as has been recorded 
- in Draparnaldia plumosa Ag. (Johnson, 1893, p. 295, PL XXXII, fig. 2) and in D. 
glomerata Ag. (Fritsch, 1935, p. 257), and after the swarmers have been liberated, only 
the remnants of the transverse walls, both old and new, are to be seen (Figs. 8, 24). 

Three types of swarmers, similar to those found in Ulothrix (especially U. zonata 
Kiitz.) and in Fritschiella tuberosa lyeng. (Singh, 1941), have been recognized, viz. 
quadrifiagellate macrozoospores, quadri- or biflagellate microzoospores, and biflagellate 
gametes. The quadrifiagellate macro- and microzoospores are formed singly in each 
daughter cell, whereas the biflagellate microzoospores and the gametes may be formed 
singly or in pairs, threes, fours or more, as in Draparnaldia glomerata Ag. (Fritsch, 1935, 
p. 257; Ferguson, 1932). The formation of the various types of swarmers is confined to 
branches of specific orders. The macrozoospores are invariably formed by the long 
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Figs, 5 -10. Dr a parnaldiopsts indica Bharad. 5, part of long lateral of first order, showing first division 
daring macrozoospore formation; 6, the same showing second division and arrangement of cells in groups; 
7, showing rounded protoplasts, one in each daughter cell; S, showing gelatinization of longitudinal walls 
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“ C „ S or y di T f “t SL 2 therefore a marked d, vision of labour so far as the pro- 
TenW foe different types of swarmers is concerned. Moreover, macro- and micro- 
zoospores are formed on the same plant, while gametes are formed on a drfferent one, 

which is otherwise quite similar to the former. 

The macrozoospores are ellipsoid or ovoid (Figs. 9, 1 °. 34 mfo 35 ), and measure 
rz-t, 3 p in length and 6 - 7 -.o- 6 ff in breadth. The four equal flagella arise an.enorly, bn, 
somewhat subterminally. The red eye-spot is flattened and more or less median, usually 
somewhat nearer to the anterior end. There is a single basin-shaped chloroplast, pos- 
sessinv a large pyrenoid near the posterior end. The single nucleus is situated ,n the 
centre There are two distinct contractile vacuoles just below the point of attachment of 
foe flagella. The macrozoospore of this alga is thus very similar in shape and I smicture to 
that of D. plumosa Ag. and D. glomerata Ag. (Johnson, 1893, p. 295, PL XXXI , g. , 
Fritsch iq« p. 256, Fig. 76 C). The quadriflagellate microzoospores are more or less 
spherical, flattened and somewhat bulged in the middle and possess a clear anterior 
protoplasmic papilla, around which the four equal flagella arise (Figs. 13-15). Some 
are however, pear-shaped with the anterior end drawn out to a point, from which the 
flagella arise (Figs. 16, 17). They measure 7-8-8 m in diameter. There is a single deep y 
notched chloroplast, possessing a pyrenoid at the posterior end The projecting stigma 
is nearer the anterior end, and the nucleus is located almost in the centre. There is con- 
siderable variation as regards the shape and dimensions of the biflagellate microzoospores, 
so that at times it becomes very difficult to distinguish some of them from the gametes 
They are usually spherical or subspherical, but sometimes ovoid or obovoid (Figs, i 21). 
The projecting stigma is situated near the middle. The single chloroplast is slightly 
notched and possesses a pyrenoid at its centre. The nucleus is slightly above the pyrenoid. 
The two equal flagella arise anteriorly and sometimes on either side of a protoplasmic 
papilla. These microzoospores are 6-5-8 /x long and 4-5*3^ broad. The biflagel ate 
gametes are spherical or in some cases ovoid, with the flagella arising anteriorly. e 
slightly notched chloroplast is located at the posterior end of the swarmer occupying 
usually about one-third of the whole contents (Figs. 25-29). There is a single pyrenoid. 
The linear eye-spot lies laterally at the posterior end and the nucleus is placed more or 
less centrally in the hyaline anterior portion. The gametes measure 5-3-6-7^10 length 
and 4-5-3 ix in breadth. The dimensions of all the swarmers, however, vary about their 

own mean. , 

Germination of the zoospores 

The macro- and microzoospores, after moving for a period which does not exceed 8 hr. 
in the case of the former and up to 24 hr. in that of the latter, become negatively photo- 
tactic and settle down on the side of the culture dish away from the light, where they 
become attached by their anterior ends. The flagella are lost, and the cell rounds oft and 
becomes enveloped by a delicate wall (Fig. 36). The swarmer then begins to form, at the 
attached end, a hyaline protuberance which gradually elongates in a lateral direction 
(Figs. 37-39, 43-47, 49-50 and 52-53) and becomes cut off by a transverse wall near its 
base to form a rhizoidal cell. This grows into a filamentous rhizoid with scanty contents 
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that ultimately disappear completely (Figs. 39-41, 48 and 51). The upper cell repeatedly 
divides transversely to give rise to a short green filament of 3-4 or more cells, each 
containing a band-shaped chloroplast with two or three pyrenoids (Figs. 40, 48 and 51). 
The filaments produced by the biflageliate microzoospores are comparatively narrower 
and shorter than those produced by other swarmers (Fig. 51). The new filament, in 
course of time, grows in length by repeated cell division to form a long thread of over a 
hundred similar cells, while the rhizoid extends by repeated forking and branching 
(Figs. 41, 42). After a considerable time the filament becomes differentiated into nodal 
and internodal cells, and laterals both of limited and unlimited growth begin to arise. 

Conjugation of the gametes and the development of the zygote 

Gametes belonging to the same plant do not, in general, fuse with one another. When a 
drop of water containing gametes from one plant is mixed with a drop containing 
gametes from another, the gametes begin to pair. The pairing gametes face each other by 
their anterior ends, become entangled by their flagella, and finally fuse (Figs. 30-32). 
Immediately after conjugation the product becomes negatively phototactic and moves 
towards the less illuminated side of the drop. The conjugating gametes are usually very 
similar to one another (Figs. 30, 32), but occasionally one is slightly bigger than the other 
(Fig. 31). The process of fusion proceeds gradually and takes from a few minutes to 
sometimes nearly half an hour. The zygotes usually remain motile for a short time, after 
which they attach themselves to the sides of the dish, lose their flagella, and gradually 
round off. At this stage the contents exhibit clearly the two nuclei, the two pyrenoids 
and the two eye-spots derived from the gametes (Fig. 33). The pyrenoids and nuclei 
fuse and at the same time the eye-spots disappear. The zygote ultimately surrounds itself 
with a delicate wall, usually within 4-6 hr. 

The zygote does not undergo any resting period and may commence to germinate 
even after 24 hr. It loses its spherical shape, and becomes somewhat ovoid. After 
another 24 hr. it produces a hyaline protuberance at one end (Figs. 54, 55), while on the 
third day it consists of two cells (Figs. 56, 57), the one, presumably basal, having meagre 
contents and the other possessing a well-developed chloroplast with one or two large 
pyrenoids. After 5 or 6 days filament of 4-6 cells is formed (Figs. 58, 59). Further 
development takes place rather rapidly, and in course of time a long thread consisting of 
about a hundred similar cells is produced, while the basal rhizoidal cell becomes markedly 
slender and branches repeatedly to give rise to a tuft of rhizoids. The further develop- 
ment is similar to that met with during the germination of the macrozoospores. 

Discussion 

It is evident that Draparnaldiopsis indica Bharadwaja possesses well-defined asexual and 
sexual methods of reproduction, effected by means of motile swarmers. In the production 
of three types of swarmers, viz. quadriflagellate macrozoospores, quadri- or biflageliate 
microzoospores, and biflageliate gametes, the alga resembles Ulothrix (especially V. 
sonata Kiitz.) and Fritschiella tuberosa Iyeng. (Singh, 1941). In the possession of large 
asexual quadriflagellate macrozoospores it resembles the members df the Chaetophoreae 
in which reproduction has been studied, excepting the genera Iwanoffia and Pilinia, 
where the macrozoospores are biflageliate (Fritsch, 1935, p. 255)- It agrees with Stigeo- 
clonium and Drapamaldia in the production of quadriflagellate microzoospores and with 
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other members of the above subfamily in its bifiagellate microzoospores. It differs, 
however, from these genera, apart from the species Stigeoclonium longipilutn and S. 
fasciculate (Fritsch, 1935, p. 255), in the possession of a third type of swarmer, which is 
invariably bifiagellate and differs from the bifiagellate microzoospores, and which in its 
morphological features recalls the gametes of Ulothrix zonata Kiitz. and Fritschiella 
tuberosa Xyeng. (Singh, 1941). Draparnaldiopsis indica is quite distinct from the forms 
mentioned above in the fact that its microzoospores are very variable and exhibit a 
gradation between macrozoospores and gametes, inasmuch as some of the bifiagellate 
microzoospores are very similar to the gametes, both in shape and dimensions, and in 
some of the internal morphological features. This supports the view put forward by 
Cholnoky (1932), that in Ulothrix variabilis Kiitz. and 17 . zonata Kiitz. the gametes are 
formed from potential zoospores, and the same seems true in U. rorida Thur. (Lind, 
1932). 

The opinion which is sometimes expressed that the species which are vegetatively less 
specialized possess the same three types of swarmers as in the genus Ulothrix (cf. Fritsch, 
1935, p. 255), appears to be untenable in the light of the present investigation. In 
Draparnaldiopsis indica , which perhaps represents the most highly evolved plant among 
the Chaetophorales, we find the same primitive type of reproduction as in Ulothrix , and 
this is also so in the terrestrial alga, Fritschiella tuberosa lyeng. This behaviour is in 
conformity with the well-known doctrine that conservatism in reproduction is the rule 
among plants. The very close agreement in methods of reproduction and in the simple 
filamentous structure of the juvenile plants with band-shaped chloroplast in their cells, 
between Draparnaldiopsis indica and Ulothrix , strongly supports the probable common 
origin of the Ulotrichales and Chaetophorales (Fritsch, 1929, p. hi; Singh, 1941). 



Summary 

The reproduction of Draparnaldiopsis indica Bharadwaja has been studied. Three types 
of swarmers, viz. quadriflagellate macrozoospores, quadri- or bifiagellate microzoospores 
and bifiagellate gametes have been recognized. The macro- and microzoospores are 
invariably asexual in nature, whereas the more or less similar gametes from different 
plants fuse in pairs to form zygotes, which germinate directly to give rise to new plants. 
The reproduction of this plant is, therefore, similar to that of Ulothrix zonata Kiitz. and 
Fritschiella tuberosa lyeng. 

Some of the conditions obtaining during swarmer formation have been studied. An 
alkaline medium is, in general, most favourable for the process. The pH value of the 
water appears to be one of the limiting variables in the formation of the different types of 
swarmers. Macrozoospores and gametes are formed at a lower pH value than micro- 
zoospores. It is also found that while a reducing medium favours the production of the 
two former types of swarmers, an oxidizing medium favours the latter. 

In conclusion, I have much pleasure in expressing my great indebtedness to Prof. Y. 
Bharadwaja for his kind guidance and criticism throughout the course of this investi- 
gation. 
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CONTRIBUTIONS TO OUR KNOWLEDGE OF 
BRITISH CHRYSOPHY CEAE * 

By J. W. G. LUND, M.Sc., Ph.D. 

(With 1 1 figures in the text) 


* From the Department of Botany, Queen Mary College, University of London. The substance of this 
paper formed part of a thesis accepted by the University of London for the degree of Ph.D. 


In the course of an investigation of the algal flora of the bottom sediments in a number 
of ponds in Richmond Park, Surrey, a number of new and interesting Chrysophyceae 
were studied, and it is with these that the present communication deals. The Apistonema , 
however, came from a different locality. Ecological relations of the forms here described 
are dealt with elsewhere (Lund, 1942). 

The preservation and fixation of many Flagellates is a matter of considerable difficulty 
and most cannot be studied satisfactorily in formalin material, while many Chrysophyceae 
disintegrate more or less completely in this preservative. I have found osmic acid 
satisfactory as a fixative, but it is essential to remove the acid after fixation, since it almost 
invariably causes more or less marked blackening after a time. Such blackening sets in 
very rapidly in algae storing oil (Chrysophyceae) or having a protoplast rich in oil 
(Euglenineae). It can be obviated by immediate treatment with 4% formalin followed 
by washing in water on a Whatman no. 50 filter paper for not less than 6 hr. The method 
may be summarized as follows : 

(1) Fix in po or 0*5% osmic acid (acid and material in the ratio of 1 : 1 or 0*5 : 1). 

(2) Remove within 2 min. to a filter paper and add 4% formalin until the filter is 
nearly full 

(3) Wash with water for not less than 6 hr. 

(4) Preserve in 4% formalin. 

Staining was not necessary to study the salient features of the cells. 


1. Chromulina aerophila n.sp. (Figs, x, 2) 

In nature this was only found in a disused brick drain connecting the two Pen Ponds, 
but it frequently appeared in cultures of sediments from several of the ponds in distilled 
water or a 0*05% Benecke solution; this implies that cysts are present in most of the 
sediments. The alga occurs in two somewhat different forms. That found in nature and 
in distilled water cultures may be described as forma A, while that occurring in cultures 
with a Benecke solution is described as forma B. 


Chromulina 


Owing to the high degree of metaboly common to many species, and since the motile 
stages afford relatively few useful specific characteristics, the taxonomy of this genus 
is fraught with much difficulty. The most valuable characters are those provided by the 
cysts, but in many species these are either unknown or rarely formed and when present 
persist for a short period only. For a number of species, however, it has been possible 
to study all essential stages. 
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The motile individual (5-9 by 4-5 p) of the former is usually ellipsoidal to oval in shape 
(Fig. 1 A-E, H) but is somewhat metabolic; the anterior end, though generally rounded, 
may be flattened (Fig. 1 E) or even indented (Fig. 1 F). Cells moving sluggishly or about 
to cease movement are more or less spherical (Fig. 1 H). The flagellum is approximately 
as long as the cell, while two anterior contractile vacuoles, pulsating alternately, are 
present, but no stigma. The single rather variable parietal chromatophore lies along one 
side of the cell. It generally forms a short and wide band extending about half-way 
round the cell (Fig. 1 A, B, E, F), but the band may be of some length and exhibit diverse 
orientation with reference to the long axis of the cell (Fig. 1 A, B, F). A pyrenoid is 
frequently visible, especially in material killed in osmic acid, apposed to the inner 
surface of the chromatophore. The food reserves are leucosin and oil, and nutrition 
appears to be holophytic (see also below). 

When there is a stable surface film, the dominant vegetative phase is non-motile, with 
the cells forming a coating of dust-like particles on the surface of the water. This coating 
appears greyish or golden, according to the angle from which it is viewed. In its pro- 
duction the cells swim to the surface and press themselves against the surface film, after 
which there begins a slow spiral movement resulting in the cells pushing through the 
film. The part first to project through the latter appears, when viewed from the surface 
under the microscope, like a small bubble occupying the middle of the cell. As the in- 
dividual continues to penetrate the film, more and more of it becomes obscured until 
only a superficial bubble-like structure is visible. The layer of cells then appears, when 
seen from above, as a mass of bubbles on the surface of the water. With dark-ground 
illumination this emits a golden light. 

The bubbles may be minute and round, but often appear relatively large and oval to 
vermiform or altogether irregular in shape. Microscopic observation shows that these 
large bubbles consist of a number of cells enclosed in a common envelope. Careful 
focusing of parts of the surface film, bearing bacteria or other foreign particles, proves by 
comparison that the Chromulina cells are actually above the water surface. This is also- 
evident when material placed on a coverslip, inverted over a glass ring, is viewed from 
below. A side-view of the bubbles is difficult to obtain because of the refraction at the 
air/water surface, but a thin glass rod, gently dipped into the water film and fixed to a 
micro-dissection apparatus, admits of examination of the cells from the side and shows 
that they are raised above the water surface by means of a short stalk (Fig. 1 G, I~K, $). 
This stalk is simply the modified posterior end of the cell as indicated by the position of 
the contractile vacuoles ; it is often ill-defined and only clearly marked in cells lacking 
a flagellum. 

Since the cells swim freely as soon as submerged, they must be capable of being wetted. 
On the other hand, if the stalks could be wetted, it would be impossible for these small 
bodies to withstand the surface tension of the water film still enveloping the cell as a 
result of capillarity ; its surface tension would again depress the cell beneath, the surface. 
It is, therefore, clear that some part of the cell must be unwettable. Photographs, # show 
that this is true of at least a portion of the stalk above the surface film, so that water is not 
in connexion with the cell above the stalk. The nature of the substance responsible for 
the unwettable character of the stalk has not been ascertained. Tests for fat and cellulose 
gave negative results. 

* Fig. 31 in the author's Ph.D. thesis 
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By shaking the dish, by blowing, by dropping water on to the surface, by covering the 
surface with a coverslip or otherwise disturbing it, the cells are immediately submerged. 
Such treatment results in bringing the exposed part of the cell into contact with the water 
by causing the stalks to lose their vertical position. This also proves that the cells can be 
wetted, but not the stalk. After submergence the cells, forthwith or shortly afterwards, 
resume motility, and investigation of fixed material from an undisturbed film shows that 
the majority of the cells retain their flagella during the non-motile stage. In the majority 
of such fixed cells the stalk is ill-defined and merely composed of the prolonged posterior 
end. 


Fig. x. Chromulina aerophila n.sp,, forma A. A-F, H, motile cells; G, I, J, resting stages on surface film; 
K-N, cysts, c.v. contractile vacuole; /. leucosin; o. oil; p . pyrenoid; s. stalk. (A, B, I, X245Q; C-H, 
J~N, x 2250.) 

The envelope surrounding the cells (but not the stalks) in the non-motile stage is lost 
as soon as they are submerged (cf. p. 279), nor is it recognizable in the killed and stained 
cells ; its rapid disappearance is also implied by the customary immediate resumption 
of motility. If a quantity of water bearing this characteristic stage of the alga is allowed 
to dry, the ‘bubbles’ representing the algal cells only dry up when the water itself has 
evaporated, as can be seen if the drying film on a thin glass rod attached to a micro- 
dissection apparatus is watched. When evaporation is complete the envelopes disappear, 
the algal cells disintegrate and the free water dries up, all at the same moment. If the 
envelope around the alga consisted of a substance other than water, it would almost 
certainly dry at a different rate than the free water and should be capable of being 
rendered visible after immersion in water or by staining. In bubbles containing several 
individuals some of them are occasionally seen swimming freely inside ; the latter have 
become free from their stalks, the whole bubble being held above the surface by the 
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stalks of the remaining individuals. All the cells of such a group are never motile. It is, 
therefore, concluded that the envelope surrounding the alga is merely water (cf. also 
P-279)* 

Since the, water surrounding the exposed cell will gradually evaporate, it must be 
replenished from the cell; but the latter cannot possess enough reserves of water con- 
tinuously to replace that lost by evaporation and the loss must be made good via the 
stalk. It remains doubtful whether the latter is actually hollow, but its surface differs 
from the central region, which is perhaps occupied by mucilage. The conduction of 
water into the exposed cell via the stalk has been demonstrated by the passage of dilute 
intra-vitam dyes (methylene blue or neutral red), added to the water, into the cell. A 
miniature transpiration system is thus established from the water through the stalk into 
the exposed cell, where it exudes to form the envelope and finally evaporates into the air. 
The process is probably relatively slow, since the air close to the water surface will be 
humid, and the non-motile stage can occur only in quiet weather. 

The iridescence of the cells, when viewed from a certain angle, is due to the same cause 
as in C. Rosanoffii (Molisch, 1901), C. srnaragdina (Gicklhorn, 1922), Schistostega 
osmundacea and certain other shade plants. When the coating of Chromidina cells is 
observed from the same direction as the source of light, it shows a golden iridescence; 
when viewed from the opposite direction, it appears grey. Orientation to a change in the 
direction of the light is rapid. If the dish with the alga is turned through 180°, the 
iridescence appears on the side facing the source of light within 2 min. Microscopic 
observation shows that the chromatophores of all the cells are located on the side away 
from the source of light. The cell thus acts as a biconvex lens concentrating the light on 
the chromatophore from which it is reflected. 

Gicklhorn (1922) states that in C. srnaragdina the change is due to the aggregation of 
the chromatophores on the side away from the light, but gives no proof that this is a 
result of movement of the chromatophores. It is extremely difficult to establish whether 
there is a movement of the chromatophores or of the whole protoplast. Although the 
change is rapid, the actual distance moved in a reorientation through 180 0 , even in a cell 
10 /x in diameter, is only about 15*7 A 6 * I have, however, gained the impression that the 
protoplast moves as a whole, though the means by which this is accomplished is difficult 
to understand, nor has it been possible to observe any free movement when single cells 
constitute a bubble. When submerged by superposing a cover-glass, the cells swim 
actively towards the light, but if a free surface is available they at once accumulate above 
it, though the part nearest the source of light generally bears the greatest number of 
cells. 

The capacity of the cell to take up a definite orientation towards the light is clearly of 
advantage in the natural habitat, which is comparable to the rabbit burrows and other 
shaded positions commonly occupied by Schistostega . When viewed from the opening, 
the surface of the water and the adjacent sides of the drain presented a beautiful golden 
sheen. The absence of the alga from other habitats in the Pen Ponds may be attributed 
to its shade-loving habit and the necessity of perfectly quiet conditions for the main- 
tenance of the non-motile stage. 

Division is restricted to this stage, two cells often possessing a common (Fig. 1 I) or 
branched stalk (Fig. 1 J). The cysts arise from the non-motile stage and retain the stalk 
which is not included in the cyst (Fig. 1 K). They are spherical or subspherical ( 6 * 8 - 8'5 f) 



27S J. W. G. Lund 

(Fig. i K-N) with a smooth silicified wall and a plug which is almost flush with the surface 
and difficult to distinguish (Fig. i L~N). They usually contain two chromatophores 
(Fig. i K, L, N), although only one may be present (Fig. i M), as well as large quantities 
of oil and often a big leucosin globule. 

The other form (forma B) occurred only in cultures of certain marginal sediments, 
being often so abundant in those treated with a 0*05 % Benecke solution that the non- 
motile stage formed a thick brown, often wrinkled, pellicle which could be easily lifted 
with a pair of forceps. Forma B was present only when the water was highly acid, usually 
with a pH. of 3 *6-5*0 but occasionally with one between 5*0 and 6*0. Forma A, on the 
contrary, never occurs when the pH is below 5*0 and is usually found at a/>H of 6*5— 7-5. 

The motile cells (8*5-12*0 by 3 *5-7*0 /x) resemble those of forma A, but the single 
chromatophore is generally more definitely band-shaped (Fig. 2 A, B, E). The oval to 
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light as forma A, but these features are lost when the cells are crowded. This lends 
support to the view that reorientation is due to movement of the protoplast as a whole. 
Cysts like those of forma A are very rare. 

Although the motile cells are altogether like a Chromulina , the non-motile stage is 
dominant under certain conditions. In view of its unstable nature (especially in forma A), 
however, the alga is best regarded as a species of Chromulina. This point of view is 
supported by the life-history of C. ferrea (pp. 280-1), as well as by that of the three 
species, C. Rosanoffii Butschli, C. smaragdina Gicklhorn, and C. Woroniniana Fisch, the 
first and last of which have much in common with C. aerophila. Certain differences and 
the absence of transitional forms stand in the way of referring all three to C. Rosanoffii . 
A critical consideration of the life-histories of these algae shows that the descriptions of 
them are in part incorrect. 

C. Rosanoffii Butschli {Chromophyton Rosanoffii Woron.), first discovered in Finland 
and in the- St Petersburg Botanic Gardens (Woronin, 1880; Gaidukov, 1900), was sub- 
sequently recorded from tanks and aquaria in Germany (Wille, 1882, 1887; Ulehla, 
1911), Czechoslovakia (Molisch, 1901) and this country (Fritsch & West 1927); Pascher 
(1913) states that it is very widespread. Its evident preference for small, artificial bodies 
of water is no doubt related to the existence of an undisturbed surface film allowing of the 
occurrence of the non-motile stage, which is essentially similar to that of C. aerophila . 

Woronin (1880) found it in summer as a yellow or brown dust which consisted of a 
number of bubbles, spherical when small, vermiform when large, on the surface of the 
water of moorland pools. This coating disappeared during rainfall, but reappeared in 
fine weather. The bubbles included one or more spherical Chromulina cells which became 
motile when submerged; the motile cells (8-9 by 4-6 ft) contained a single parietal 
chromatophore, one or two anterior contractile vacuoles and were devoid of a stigma. 
Under a coverslip they showed strong positive phototaxis, but when the drop was un- 
covered they bored their way through the surface film just as if it were a solid membrane. 
In passing through the film a mucilaginous envelope and a basal mucilaginous stalk are 
excreted, the former dissolving instantaneously on contact with water. The larger 
‘bubbles’ are formed by the confluence of the mucilage envelopes around neighbouring 
pells. 

If the surface film remained stable for some time, each cell divided into eight daughter 
cells within the mucilage envelope. The supposed winter stage of C. Rosanoffii, described 
by Woronin as living in the leaves of aquatic mosses (especially Sphagnum ), may well 
belong to another species; nothing comparable to it has been observed in C. aerophila . 
Gaidukov (1900) grew the alga in a 0*1 % Knop solution and thus showed that it could 
lead a purely holophytic existence, while Molisch (1901) studied its iridescence. 

It is obvious that this alga is very like C. aerophila , and there can be little doubt that 
the envelope around the non-motile cells is again water. Woronin was altogether unable 
to observe the ‘ mucilage ’ when the cell was in contact with water and the statement that 
the stalk consists of mucilage cannot be altogether correct, since a portion of it must be 
incapable of being wetted (p. 275) if the cell is to remain above the surface film. I he only 
clear difference between C. Rosanoffii and C. aerophila is thus the existence of eight-celled 
division stages in the former. Woronin’s semi-diagrammatic figures of these stages are 
not wholly convincing, but C. ferrea n.sp. (pp. 280-1) shows that they may occur. 

A misreading of Woronin’s account has resulted in his figures of the naked stalked cells 
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and the eight-celled division stages being described as cysts and as products of germina- 
tion respectively (Pascher, 1913, and all subsequent publications), but it is clear from 
Woronin’s summary that these cells are not cysts, but division stages. He records 
(pp. 644-6) undoubted Chrysophycean cysts which are submerged and devoid of a stalk, 
in the questionable winter-form. 

C. Woroniniana Fisch (1885), discovered in an aquarium at Erlangen, has a motile 
stage (6-8 p) very similar to that of C. Rosanoffii , while the coating formed by the non- 
motile stage shows a similar iridescence and is composed of rounded cells surrounded by 
a zone of hyaline mucilage and delimited from one another by fine lines. According to 
Fisch there is no stalk, and division of the cells was not observed. When Sphagnum was 
added, cysts were found in the hyaline cells. This species is very similar to the form of 
C. aerophila inhabiting acid water (forma B). The absence of a stalk is doubtful, since 
Fisch does not describe the cells in side-view. The surrounding ' mucilage* is probably 
the material of the stalk, which is short and wide as commonly in the form of C. aerophila 
just referred to (Fig. 2 I, J), while the fine boundary lines between the cells probably 
mark the points of juncture of the stalks (cf. Fig. 2 P). 

In C. smaragdina Gicklhorn (1922)* the non-motile cells are provided with a 'mucilage 9 
stalk, which may sometimes be nothing more than a slight bulge on the cell membrane. 
The basal parts of the cells are surrounded by brown mucilage encrusted with ferric 
oxide (cf. C. f erred). The cells divide repeatedly, therein resembling C. Rosanoffii . The 
daughter cells are either motile or non-motile ; the former possess two green chromato- 
phores,. while the latter contain from four to ten green chromatophores and show an 
emerald iridescence. The green colour may be due to the abundant humus present, since 
accompanying individuals of Mallomonas acaroides were also green ; transference to pure 
water, however, produced no change in colour. Gicklhorn refers to the non-motile 
stages as 'cysts 9 , but they have none of the characteristics of Chrysophycean cysts. 

2. Chromulina ferrea n.sp. (Fig. 3) 

The motile cells (4*3-5 * 1 by 6-8—1 1*9 p) (Fig. 3 A-G) are markedly metabolic, especially 
in the posterior region which may taper to a fine point (Fig. 3 D, E). The flagellum 
reaches if times the length of the cell, but its relative length depends on the shape of the 
cell. The two anterior contractile vacuoles pulsate alternately and one can occasionally 
distinguish smaller ones which fuse to form the principal ones. There is no stigma. The 
single parietal chromatophore is either a small curved disk (Fig. 3 C, G) or a band- 
(Fig. 3 A) or cup-shaped structure (Fig. 3 B, D). 

The non-motile stage arises, as in C. aerophila , at the surface of the water, where it 
forms a brown scum. The cells develop a cup-shaped stalk which encloses them and 
their division products (Fig. 3 H-X) and generally consists of two parts, joined to one 
another; the basal submerged part is capable of being wetted, but not the part above. 
At the level of the surface film the stalk expands horizontally into a hoop-like structure 
(Fig. 3 J~ 0 ), which in surface view often appears surrounded by a wider layer of inde- 
finite shape and rests on or in the surrounding water film (Fig. 3 J-L, O-R, /.) ; this layer 
occasionally bears small algal epiphytes on its under side (Fig. 3 K). The expansion of the 
stalk at the water surface may well help in maintaining the cells in an upright position. 

* Since writing this, in August 1940, I observed an alga agreeing with Gicklhorn’s description of this 
species m the drain where, in previous years, Chromulina aerophila occurred. 
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Above the surface film the stalk continues for some way round the cell, immediately 
contiguous to the surface of the protoplast. Sometimes it seems to extend over almost the 
whole surface, leaving only a narrow apical pore. When such cells are submerged, the 
protoplast escapes by creeping through the pore (Fig. 3 X). The stalks are coloured brown 
through impregnation with ferric oxide, and when present in quantity render the community 
clearly visible to the naked eye. The non-motile stages of this species have not been 
examined in detail, but there appears to be complete similarity with C. aerophila and water 
is doubtless drawn up through the stalk in the same manner. There is, however, no 
iridescence. In the iron incrustation, the alga shows some resemblance to Chrysotilos 
ferrea Pascher (1931 6). 




c.v. j K L M N 









tW' w 


( 




Fig. 3. Chromulina ferrea n.sp. A-G motile 

the stalk- O-W, d ! vlS -^*^ P i; t ’ r U -“ 0 Sd t e h 'e ll^Tchwaesiphon incrustans ; cl. contractile 
SSWSSS 5&TST/S5ur outer part of expansion of stalk on the surface film; 
0. oil. (All x 830.) 

A light breeze or rainfall are sufficient to cause submergence, followed by resumption 
of motility. Division will, however, frequently not have reached completion, and when 
this is so motility is not immediately resumed on submergence, since the flagella are still 
absent. In laboratory cultures, in which a stable surface film may persist for indefinite 
periods, all stages in division were invariably found and motile cells were also frequently 
present. It seems probable that, when division stages reach a certain size, they become 
top-heavy and fall over, thus becoming submerged. Cysts were not observed 

C. ferrea occurs during summer and early autumn m the shallow upper-littoral areas 
of the Pen Ponds, rich in humus derived from decaying leaves. It is never found, how- 
ever, until the latter have become converted into a fine brown silt; at this stage the 
surface film is frequently partially covered with ferric oxide, The pH is nsually 6-5-7 5 > 
and, owing to the shallow water, the day temperature is often high (up 0 3 •)• 
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laboratory the alga appeared in distilled water cultures of the same deposits, but not until 
the vegetable detritus is converted into a brown mud. If the deposit becomes acid 
(pH 4 *o- 6 *o), C. aerophila takes the place of this species. The fact that C. ferrea is not a 
shade form perhaps accounts for the lack of a capacity for orientation to the direction of 
the light. 

3. Chromulina spot angif era n.sp. (Fig. 4) 

This alga, present in the Leg-of-Mutton Pond from February to April, has ellipsoid 
motile cells (6*8-10-2 by 2-5-3 -4^) showing little metaboly; the anterior end is rounded 
or slightly flattened and often oblique (Fig. 4 A, B). The flagellum is i-i| times the 
length of the cell (10*2-13-6/*) and there is no stigma. The band-shaped chromatophore 
has a slightly spiral trend (Fig. 4 A, B). The motile cells, like those of C. ovalis Klebs 
(also occurring in this pond), often colour the water brown. 

• When division is to take place, the movements become sluggish and the individual 
comes to rest among the detritus surrounding the stems and leaves of the aquatic macro- 


J> K, cells and sporangia attached to vegetable detritus; L, cyst; M, young stage of same. c.v. contractile 
vacuoles; l ieucosin; 0. oil. (A, B, X1600; C, F, G, I, x 1300; D, E, H, x8oo; J, x 4 8o; K, X400; 
L, X2650; M, x 1750.) 

phytes. The protoplast assumes a spherical shape (Fig. 4 C) and increases in size, while a 
wide and firm mucilaginous membrane is secreted around it. The chromatophore extends 
over most of the periphery (Fig. 4 C-E) and may divide into two to four portions. Within 
this sporangium repeated division takes place (Fig. 4 F-T), so that forty or more closely 
packed daughter cells are formed. When liberated they are spherical, but they soon 
become actively motile and assume the ellipsoid shape. Contractile vacuoles are often 
observable in the non-motile stages (Fig. 4 D) as well as in the mQtile cells. 

The production of cysts has not been observed, but huge numbers of them occur 
among the sporangia and on the bottom during the later stages of the period of abundance 
of this alga. The absence of other cyst-producing Chrysophyceaen algae and the constant 
appearance of the cysts at a definite time leave, in my opinion, no doubt that they belong 
to C* spot angif era. They are commonly spherical (10*2-13*7 /x) (see, however, Fig. 4 L) 
and have a smooth wall, the plug being often almost flush with the surface. They contain 
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The motile stages of this alga differ from those of C. nebulosa Cienk only in size, but 
the probable cysts are quite different. The production of sporangia, moreover, clearly 
differentiates the species from C. nebulosa and other members of the genus. C. sporan- 
gifera is found during the highly acid phase (pH usually 4-4— 4*8) above the marginal 
sediments in the Leg-of-Mutton Pond, though completely lacking in the open surface 
waters (plankton). C. nebulosa, which occurs in moorlands, probably also inhabits acid 
waters (Pascher, 1913). 

4. Kephyrion littorale n.sp. (Fig. 5 A-I) 

The frequently brown-coloured envelope (6-0-6-8 by 4-8-5 -i/ti) is generally somewhat 
narrowed posteriorly and anteriorly (cf. however, Fig. 5 F), while it is more or less 
prominently thickened near the anterior end. The flagellum is approximately the same 
length as the naked protoplast and is inserted laterally, usually close to the stigma 
(Fig. 5 D, E). The two (rarely three, Fig. 5 F) parietal discoid chromatophores lie on the 


Fig. 5. A-F, Kephyrion littorale n.sp. ; G-I, K. littorale var. constricta n.var. ; J-M, Stenocalyx monilifera 
Schmid; J, original; K-M, after Schmid, b. collar; s. stigma. (A-C, G, J, X2400; D, E, x 1400; F, H, 
I, x 800; K-M, magnification not given ( circa 800?).) 

same side of the cell, commonly so closely applied to one another that they appear as a 
single V-shaped structure (Fig. 5 E) ; the stigma usually lies at the tip of the anterior 
chromatophore.- Oil is present, but leucosin has not been observed. The protoplasts can 
escape from the envelope as free-swimming individuals, but no other stages have been 
observed. Cysts are unknown in this genus. 

In certain individuals (var. constricta n.var., Fig. 5 G-I) the envelope (5-i-6-o by 
5-1 ju.) has a rounded and generally slightly flattened base (Fig. 5 H), while the almost 
parallel sides are constricted in the middle (Fig. 5 G). The thickened anterior edges 
taper to a sharp point. Both the type and the variety occurred in the littoral plankton of 
the Pen Ponds, especially during the low temperatures of winter when the water was 
somewhat acid (pH 6-3-6-9). 

Kephyrion littorale differs from other species of the genus in possessing more than one 
chromatophore; it is also distinguished by its well-marked stigma, with its characteristic 
position. A stigma is recorded in K. mastigophorum Schmid (1934), while Conrad’s 
figures of K. cupuliforme (Conrad, 193°) suggest the presence of a small stigma. These 
two species appear to be those most nearly related to K. littorale. 

One species (Pseudokephyrion depressant Schmid (1934)) of the closely related genus 
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Pseudokephyrion (Pascher, 1913), which only differs in the presence of two unequal flagella, 
shows a constricted envelope similar to that of Kephyrion littorale. Further, Kephyriopsis 
ovum Pascher & Ruttner (Pascher, 19x3), which lacks such a constriction, shows a 
similar anterior thickening of the envelope tapering at its tip. Even after staining and 
careful observation under high powers, the cells of K. littorale , however, display only one 
flagellum. There seems little doubt that the three genera mentioned are closely related, 
and the discovery of Ochromallomonas (p. 286), the presence of unequal flagella in Synura 
uvella (p. 288) and the marked similarity of many forms of Chromulina and Ochromonas 
(Fritsch, 1935) render it more than likely that the presence of one or of two unequal 
flagella is not a very fundamental difference in this class. 


5. Stenocalyx monilifera Schmid (Fig. 5 J-M) 

This was of very rare occurrence in the plankton of the Upper Pen Pond in December 
and January 1937-8, and only one individual could be drawn; the remaining figures are 
taken from Schmid’s original account (1934). The envelope (8*5~9*5 by 6*5 /x), which has 
the shape of an inverted hat, is provided with a broad but thin collar a little above the 
middle (Fig. 5 J) ; in the Richmond material it has a slightly undulating course, as also 
in some ’of Schmid’s specimens (Fig. 5 K, L). According to him (1934, p. 169) the collar 
is interrupted at one to three points, but this does not appear to be so in the Richmond 
material. There is a single parietal chromatophore and the flagellum is somewhat longer 
than the cell. 

Mallomonas 


1. Mallomonas heterospma n.sp. (Fig. 6 A-D) 

The oval cells (12-15 by 7~8 p) possess a flagellum of about the length of the cell. 
There is no stigma. The two parietal chromatophores are separated from one another by 
only a narrow area, and a large mass of leucosin lies in the posterior half of the cell 
(Fig. 6 B). The species is distinctive, in that the silicified scales bear spines of two 
different types, simple and needle-shaped ones at and around the front end and such as 
are provided with a C-sKaped hook, inserted just below the apex, on the posterior half or 
two-thirds of the body (Fig. 6 D). This species was present in small numbers in the Clay 
Pit between January and March. 

2. Mallomonas intermedia Kisselew (Fig. 7) 

This species occurred in the plankton of the Clay Pit and the Pen Ponds during the 
winter. The cells (20*5-28*9 by 8*5-15*3 /x) are generally widely oval, often rounded 
posteriorly and more pointed anteriorly (Fig. 7 A). The flagellum is approximately the 
length of the cell. There are several small anterior contractile vacuoles which unite to 
or three larger ones. The large spherical nucleus is usually situated in the 
posterior half of the cell, while there are two parietal chromatophores. Oil and leucosin 
occur. Kisselew (1931) describes M. intermedia as having only one chromatophore, but 
his figure is not convincing ; when the two chromatophores overlap markedly, there may 
appear to be only one on superficial observation. 

The oval scales (6*o~6*8 by 3*4/x) are arranged in oblique transverse series (Fig. 7 C) 
and exhibit a circular depression in front and a V-shaped thickening behind (Fig. 7 F, G). 
The long needles (28*9-34*0 /x), which are sometimes slightly curved, have a flattened tip 
(Fig. 7 D, E), while the base is slightly thicker than the rest and sharply curved at its 
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point of insertion on the scale. This basal piece lies in the anterior depression of the 
scale (Fig. 7 D). The spines are orientated more or less radially (Fig. 7 A), although 
sometimes all of them are directed backwards (Fig. 7 B). The almost spherical cysts 
(17-0-18*7 by 15*3-17*0 fx) are smooth and possess a small pore (Fig. 7 H, I) occupied by 
a rounded plug. 
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Fig. 6. A-D, Mallomonas heterospina n.sp. A-C, motile 
individuals; in B the spines on the anterior half have 
been lost; D, spines from the posterior region of the cell ; 
E-G, M. limnicola n.sp. ; G, spines and scales. 1 . leucosin ; 
n. nucleus. (A-C, F, G, x 825; D, E, x 1650.) 



era 


Fig. 7. Mallomonas intermedia Kisselew. A, B, motile 
individuals, B with backwardly directed spines; C, scales 
showing oblique transverse arrangement relative to the 
I long axis; D, scale with attached needle; E, needle; F, G, 
scales; H, I, cysts. (A-C, H, X780; D-G, I, x 1550.) 



The individuals do not agree wholly with Kisselew s (193 1 ) description of M. inter- 
media and show some likeness to M. acaroides Perty (Krieger, * 93 ° ? Conrad, 1933)* 
Conrad has expressed the opinion that the former species is actually identical with 
M. acaroides , but this is improbable, for the reasons given below. The needles of M. 
acaroides are recurved, with a lancet-shaped tip, while those of M. intermedia are as 
above described. In M. acaroides the V-shaped marking on the scales is caused by 
punctae (Conrad, 1933) and finer punctae occur all over their surface, but no such 
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structure is described for M. intermedia , nor is it evident in my material, even when 
mounted in styrax or a-monobromonaphthalene. The cysts of M. intermedia , here 
described for the first time, differ from those of M. acaroides in their smooth wall. 
Lastly, M. acaroides is a summer plankton form, while M. intermedia is a winter plankton 
form. 

3. Mallomonas limnicola n.sp. (Fig. 6 E-G) \ A b g 

The oval cells (ii*9-i.7*i by 6*o-6 *8^), v I f 

which are commonly more flattened on one ,£/\ 

side than the other (Fig. 6 E), have a rounded 0 '/ 

posterior end, while the anterior is drawn out yJm| /vw 

into a short collar from the base of which the ffi| i| ^ 

flagellum (ca. i| times the length of the cell) J 

arises. There is no stigma. The nucleus ^ E — • f 0 

(Fig. 6 E, n.) is. located posteriorly and '*£0 <\ sU, 

there are two parietal chromatophores placed" C D HM Mm 

opposite one another. Oil is present, but no 

leucosin was observed. The scales (3-0 by /f * |/n j) / ^pMv 

i*5/x) are oval, with the anterior end more Y/ 'Kir' 

pointed than the posterior (Fig. 6 G). The , 

two or three needles, which are attached to } 

the scales of the collar, are slightly thicker at J j 

This species was found in small numbers 

close to the bottom deposit in the marginal N /M pi 9 

regions of the Pen Ponds during the summer 


OCHROMALLOMONAS Il.gen. 

Ochromallomonas pelophila n.sp. (Fig, 8 A-H) \ 

The motile unicellular individuals are Fig. 8. A-H, Ochromallomonas pelophila n.gen., 

usually oval to ellipsoid in outline, with a fl: Sp * ; A, B, E, F, motile individuals; C, D, semi- 
v 1 ^ ■ . J . . diagrammatic, to show the form of the thromato- 

blunt anterior and a more or less pointed phores (lobes nearest the upper surface shaded); 

posterior end (Fig. 8 A, B). The shape varies ®> s “ rface with scaIes > H > scales and needles; 

J - , /, ,. , , , , IJ, Synura uvella Ehrenb.; J, cell isolated from 

m correspondence with the slight metaboly colony. 1 . leucosin. (A, B, E, F, xiooo; C, D, 

of the posterior end. The two flagella are of x8 5 °;G-J, x 1350.) 

different lengths and inserted a little way behind the anterior end ; the longer is about 
twice the length of the shorter and always somewhat longer than the body of the cell. 
Size of cell and length of flagella vary considerably, but there is a definite relation between 
the two; the cells are 17*5-32-0 by 8-5-14-0/1, the longer flagellum 23:0-38/1, the shorter 
10-5-19/1 long. The longer flagellum exhibits an undulatory movement along almost 
the whole of its length, while the shorter stands out stiffly (Fig. 8 A, B) with the tip 
actively vibrating, like the lash of a whip. The organism swims slowly with a gliding 
motion. T -;v- tS 

The periplast is covered with numerous overlapping oval scales (Fig. 8 G, H), which 


% 
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give the cell a serrated contour. The V-shaped posterior end of each scale is thicker than 
the anterior portion (Fig. 8 H). The bristle-like needles attached to each scale project 
backwards and are extremely delicate, being often visible only under high power; it has 
not been possible to decide whether more than one needle is borne on a scale and whether 
they are attached at a definite point. The needles are probably largely n on-siliceous, since 
they become more distinct after staining. They are easily broken off, and are almost 
invariably lost in preserved material. 

There is no stigma. There are numerous posterior contractile vacuoles which frequently 
fuse to form two or three larger ones. The big nucleus with a conspicuous nucleolus 
(Fig. 8 A, B, F) lies in the anterior half of the cell. The two lobed chromatophores cover 
almost the whole of the periphery and overlap so that their exact limits are not 
easily observed (Fig. 8 A-F). The two lobes of a chromatophore are orientated at an angle 
to one another so that they only partially overlap, but the free part covers to a greater or 
lesser degree the corresponding lobe of the other chromatophore (Fig. 8 B and C, D, 
which are semi-diagrammatic). As a result, the boundary between the two chromato- 
phores appears as a narrow curved line at two different levels. The food reserves are oil 
and leucosin. No cysts have been observed. 

This alga* occurred in the infra-littoral regions just above the bottom-deposit of both 
Pen Ponds during summer and autumn as well as in small pools left in the moist mud 
along the edges. I have also found it once in a similar habitat at Roche Abbey, Yorkshire. 
It has only been observed where the bottom deposit is rich in humus. 

The structure of Ochromallomonas is similar to that of Mallomonas , except for the 
presence of two unequal flagella. This places it, on the present classification of the 
Chrysomonadales (Pascher, 1913; Fritsch, 1935), in the Ochromonadeae rather than in 
the Chromulineae to which Mallomonas is referred, although the flagella are less markedly 
unequal than in most Ochromonadeae. It has already been pointed out by Fritsch (1935) 
that the resemblances between certain species of Ochromonas and Chromulina make it 
doubtful whether too much stress should be laid on the type of flagellation (see also p. 284). 
The discovery of an organism with all the characteristics of a Mallomonas but possessed 
of two unequal flagella lends further support to this view. 


Ochromonas 

A member of this genus occurred in cultures of deposits from the Leg-of-Mutton Pond 
enriched with Benecke solution. A few individuals, possibly belonging to the same 
species, have been met with in nature. The free-swimming individuals. (6*8-10*2 
5* 1-6*8 (i) are usually oval to ellipsoid and rounded at both ends, although the anterior 
end may show an emargination (Fig. 9 E). The long flagellum may be shorter than the 
cell or slightly longer, while the short one, often invisible in the living individuals, is 
from one-third to one-quarter the length of the longer. The pale yellow to greenish 
yellow band-shaped chromatophore occupies only part of the cell, with the stigma 
situated close to its anterior end. The single contractile vacuole is formed by the fusion 
of one or two smaller ones and, before evacuation, is sometimes so large as to distort the 
protoplast. 

Nutrition, although presumably also holophytic, is very commonly holozoic, since the 

* Prof. Harris has kindly shown me rough drawings of a similar organism from the Reading district. 
It is doubtful whether it belongs to the same species. 

New Phytol. 41, 4 
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majority of individuals contain one or more food vacuoles and ingest both bacteria and 
unicellular algae (Fig. 9 C, G-I, M), especially small cells of Chlamydomonas and 
Chromulina, some of which are larger than the Ochromonas itself. The frequent amoeboid 
stages (Fig. 9 J-L) retain their flagella, but exhibit slow movements with the help of 
blunt pseudopodia. Oil occurs as a reserve product. Leucosin has not been observed. 

Occasional ‘giant’ cells (14 by i2p.) possess large food vacuoles containing several 
ingested organisms (Fig. 9 M) and are probably a consequence of excessive holozoic 
nutrition. In such forms the small pale chromatophore is sometimes scarcely distinguish- 
able. 

These specimens seem to be nearest to the form of O. mutabilis Klebs described by 
Doflein (1923) and differing from Klebs’s (1893, p. 41 1) form in the presence of one 
instead of two chromatophores. Doflein is of the opinion that Klebs’s record of two 
chromatophores in O. mutabilis is erroneous. 
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Fig. 9. Ochromonas sp. J-L, amoeboid stages; M, £ giant individual’, c. ingested Chlamydomonas- cells; 
r. rhizopodium; 5. stigma. (All x noo.) 

Synura uvella Ehrenb. (Fig. 8 I, J) 

The variation in the structure of the skeleton of this common colonial alga has been 
abundantly described and has been used as a basis for distinguishing a number of species 
(Korschikoff, 1929). Such variations were observed also in my specimens, but have not 
been specially investigated. On the other hand, the differences between the' two flagella 
were studied. The longer exhibits an undulatory motion, while the shorter is rigid and 
shows whip-like lashing movements. In fixed material the long flagellum usually appears 
much bent and twisted, while the short one remains straight (Fig. 8 I, J). The flagella 
thus resemble those of Ochromallomonas and of the Ochromonadeae generally, though 
the difference in size is not nearly so marked as in many of the members of this group. 

Synura is generally classed among the Hymenomonadaceae (Pascher, 1913; Fritsch, 
1935), a family characterized by the possession of two equal flagella. An examination of 
the literature, however, shows that the flagella have been variously described. In one of 
Biitschli’s (1878) figures (T. 12, fig. 13a) both equal and unequal flagella are shown in 
the same colony, while another (Fig. 13 d) depicts a cell with a long twisted flagellum 
and a short straight one, just as in my specimens. Stein (1878) states that there are two 
equal flagella (cf. also Pascher, 1910, 1913; Conrad, 1926, 1931), but in his figure, which 
has been extensively reproduced, certain cells appear to have flagella of slightly different 
lengths. y -■ L t ( i 
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Petersen (1912) records flagella of unequal length and, using Loffier’s stain, shows that 
the long flagellum bears two rows of hair-like appendages, a feature later (Petersen, 1929) 
demonstrated also in various other members of the Ochromonadeae. Fritsch (1935) 
points out that even if the appendages are artifacts resulting from the method of treat- 
ment, they clearly indicate a difference in structure between the two flagella. Schiller 
(1926, Fig. 10 a , b) shows the flagella unequal or almost equal, while in 1929 he described 
a genus Synuropsis differing from Synura only in the presence of two unequal flagella 
and of red cell contents (cf. also Pseudosynura , Kisselew, 1931)* This genus has been 
criticized by Conrad (1931) since red droplets of haematochrome are known to occur 
in Synura , and it is very doubtful whether it is really distinct from Synura . Korschikoff 
(1929), in merging his genus Skadovskiella in Synura , states that the record of two equal 
flagella is incorrect. 

Despite its frequent occurrence, much uncertainty thus attaches to the flagella of 
Synura. The possibility that there are two forms differing in the flagella cannot be dis- 
regarded, but it appears more probable that there is but a single species which has unequal 
flagella ; if this is so, Synura should be classed among the Ochromonadeae. Examination 
of Synura from diverse localities would probably clarify the position. The scales and 
vacuolar system of Synura (see Korschikoff, 1929) are comparable to those of Mallo - 
monos and Ochromallomonas. A reinvestigation of Chlorodesmus and Syncrypta from this 
point of view seems* advisable. 

ApISTONEMA P YRENIGER UM ' P ASCHER 

The base of a limestone wall flanking a small stream at Roche Abbey, near Rotherham, 
Yorks, was coloured dull brown by the rich growth of two members of Chrysophyceae, 
viz. Apistonema pyrenigerum Pascher and a species of Gloeochrysis which it has not been 
possible to study fully. The stratum, though damp, was not saturated with water. It is 
noteworthy that the habitat agrees almost exactly with that in which Pascher (1931 a) 
found the alga. The Gloeochrysis was also abundant on the walls of the ruined Abbey. 
Various filamentous Myxophyceae and small pennate Diatoms were intermingled in the 
stratum on the limestone wall. 

The Apistonema occurred for the most Jp art in the form of separate spherical cells 
(12*8 to 14*4 fj, wide) often showing stages' in division, but there were also filamentous 
stages (Fig. 11); transitions between the two were observed (Fig. 10 H-L). In samples 
kept saturated in the laboratory filamentous stages were dominant, suggesting that the 
form assumed by the alga depends largely on the amount of water present. 

The cells possess a well-marked wall which, when two or more are connected as a 
result of division or in the filamentous stages, is composed of two layers (Fig. 10 D-F). 
The outer layer, which holds the cells together, is more gelatinous than the inner and is 
especially distinct at the comers between contiguous cells of a filament. The filamentous 
stages are very irregular and the component cells are rather loosely joined together. 
Frequently a number of the rounded cells, typical of the unicellular state, are present 
near the centre- (Fig, 11). The branches are short, with elongate end-cells (15-20/x long), 
and do not all lie in one plane. Pascher (1931 a) states that the branches sometimes adhere 
laterally, forming pseudoparenchymatous strata. 

The cells commonly possess two parietal chromatophores situated opposite to one 
another, though sometimes a single one is present (Fig. 10 E, K, L). Apposed internally 
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to each chromatophore is a single naked pyrenoid, though this is frequently not re- 
cognizable. A number of leucosin balls and oil droplets of smaller size are generally 
present. Pascher (1931 a) describes repeated division of the cell contents with the appear- 
ance of "stigmata on the daughter protoplasts, though swarmers were not observed. I have 
not seen such stages, nor were cysts found. The only species of Apistonema hitherto 
recorded for Britain is the marine form described by Anand (1937). Apistonema parallels 
Pleurococcus among Chlorophyceae and Monocilia among Xanthophyceae, both in 
structure and in the terrestrial habitat. 


Fig. 10. Apistonema pyremgerum Pascher. A, single spherical cell {coccoid state); B-F, stages in division 
G, three daughter cells within mother-cell wall; H-J, transitions between coccoid. and filamentous states 
K, L, two-celled filaments, p. pyrenoid. (A, C, D-L, x 1050; B, X850.) 


Diagnoses of the new forms 

Chromulina aerophila n.sp. 

Cellulae mobiles ellipsoideae vel o vales, holophyticae, 5—9 /x longae, 4-5^ latae, 
flagello circa tam longo quam cellula, vacuolis contractilibus duabus anterioribus, sine 
stigmata, ehromatophora parietali lata taeniaeformi, plerumque cum pyrenoide : adeps et 
leucosin adsunt. Cellulae sedentes in pelliculam aquae superficialem, singulae vel aggre- 
gatae, plus minus sphaericae cum stipite posteriori. Divisio vel generatio cystarum per 
cellulas sedentes fiunt. Cystae membrana laevi obturamento paene piano chromatophoris 



Fig. ii. Apistonema pyrenigerum Pascher. Filamentous stages. (A, x 750; B, x6oo.) 
Kephyrion littorale n.sp. 

Cellulae mobiles tegumento cupuliformi fine anteriore aperto inclusae, 6*o-6*8j u 
longae, 4*8-5 -i^ latae, flagello circa tam longo quam cellula lateraliter prope stigma 
affixo, chromatophoris 2 (rare 3) parietalibus discoideis. Cystae ignotae. 
var. constricta n.var. 

Differt a typo tegumento dissimili, 5*i-6*Ofx longo, 5*i/x lato. 

Mallomonas heterospina n.sp. 

Cellulae ovales, 12-15 /x longae, 7-8 /x latae, flagello circa duplo longiore quam cellula, 
chromatophoris duabus parietalibus magnis ; adeps et leucosin adsunt ; squamae ovales, 
aciculis anterioribus simplicibus, posterioribus uncinatis (in forma C). Cystae ignotae. 

Mallomonas limnicola n.sp. 

Cellulae ovales, 11*9-17*1 /x longae, 6*o-6*8/x latae, plerumque uno latere plus de- 
planato quam altero, flagello circa ifplo longiore quam cellula; squamae ovales, aciculis 
2-3 anterioribus in torque affixis. Cystae ignotae. 

Ochromallomonas n.gen. 

Cellulae mobiles, ovales vel ellipsoideae, flagellis 2 anterioribus inaequalibus, uno 
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Chromulina ferrea n.sp. 

Cellulae mobiles ellipsoideae vel ovales, 4*3-5 /x longae, 6*8 -ii*9/x latae valde meta- 
bolicae, flagello f ad i Jplo longiore quam cellula, vacuolis contractilibus duabus anteriori- 
bus, sine stigmate, chromatophora parietali magnitudinis variabilis. Cellulae sedentes 
super pelliculam aquae superficialem, stipite fusco brevi cupuliformi. Divisio per cellulas 
sedentes fit. Cystae ignotae. 

Chromulina spot angif era n.sp. 

Cellulae mobiles ellipsoideae, 6*8-10*2 /x longae, 2*5~3*4^ latae, flagello i-ifplo lon- 
giore quam cellula, vacuolis contractilibus duabus anterioribus, sine stigmate, chromato- 
phora taeniaeformi leniter spirali. Cellulae sedentes in materiam vegetabilem affixae. 
Divisio cellularum sedentium in forma sporangii partibus 40 vel pluribus. Cystae (?) 
sphaericae vel ovales, 10*2-13 *7 /x, membrana laevi obturamento paene piano, chromato- 
phoris duabus. 
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circa duplo longiorc 911am altero, ch.romatopb.oris duabus magnis leviter lobatis, stig~ 
mate nullo, vacuolis posterioribus pluribus. Periplasta squamis imbricatis posteriore 
forma V decoratis obtecta, aciculis tenuibus simplicibus setiformibus. Adeps et leucosin 
adsunt. Cystae ignotae, 

Ochromallomonas pelophila n.sp. 

Vide Ochromallomonas n.gen. Cellulae i 7 ‘ 5 “ 3 2 * 0 ^ longae, 8*5-14*0^ latae, flagellis 
uno 23-0-38-0 n, altero 10-5-19-0 /a. 

The author’s grateful thanks are due to Prof. F. E. Fritsch for his help and criticism. 


PS 
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THE LIFE-CYCLE OF ST1GEOCLONIUM 
AMOENUM KtjTZ. 

By M. GODWARD 

Queen Mary College , London 

* (With Plates 7 and 8, and 6 figures in the text) 

The material of Stigeoclonium amoenum upon which this account is based was found in 
the Pen Ponds, Richmond Park, attached to sand, stones, and plants along the edges, 
especially near the overflow. The plants occurred as isolated or aggregated tufts, 2 cm. 
or less in height. 

The plant consists of a considerable branched erect system and a small rhizoidal 
attaching system (Text-fig. 1). The cells of the ultimate branches are a little longer to 
almost twice as long as broad (6-15 broad, 15-21 ji long), the chloroplast occupying 
the whole length of the cell. The cells of the main axes are of two kinds : very short ones, 
about as long as broad, but slightly narrower than the others, and very long cells (6- 15 /x 
broad, up to 100-150 \l long). The short cells bear lateral branches which are frequently 
^ opposite (cf. Hazen, 1902). Hairs are not a feature of the plant when in a young and 
vigorous condition, but generally appear when vegetative growth is largely at an end 
(PL 7, fig. 1). PL 7, fig. 1 and PL 8, fig. 1 give an idea of the general appearance of the plant. 
PL 8, fig. 1 shows a strong resemblance to the figures of Hazen (1902) in respect of both 
the apical part of the thread and the axial and branching portions, but illustrates the 
somewhat unusual condition of single instead of paired branches; the latter are, however, 
clearly visible in PL 7, fig. 1. In PL 7, fig. 1 the long cells of the axes are divided up by 
zoospore partitions. The dimensions of the cells agree with those given by Hazen, while 
the young plant is like Gay’s figure (Gay, 1891). 

It has been thought advisable to give these details in view of the doubt which must 
always be felt in identifying a species of Stigeoclonium from vegetative characters only. 
There are several minor differences from the description given by Heering in the 
Siisswasserflora, viz. the ultimate appearance of hairs, the fact that the plant is normally 
attached, not free-floating; also the observation quoted by him, that erect threads may 
subsequently arise from the rhizoidal ones, has not been confirmed on this material. 

Cultures on agar show that growth takes place diffusely throughout much of the length 
of the filament, the terminal cell also dividing. Cell division is rarer in the older parts. 
Cultures of material brought in from the natural habitat soon differed from the normal 
type; the differentiation of the cells in the main axes and the characteristic branching 
, . were obscured to a variable extent. On agar cells often divided parallel to the length 
of the filament (cf. Berthold, 1878, pi. XVII, fig. 7, Ckaetophora). This may have been 
related to failure of the initiation of swarmer formation to go beyond the stage of nuclear 
division. Filaments divided up in this way broke up eventually into single rounded cells, 
the whole mass resembling a palmella without mucilage formation (PL 7, fig. 2). In this 
condition cultures survived some months longer than does the alga in the natural habitat. 


> 




In liquid cultures such stages were not produced and the plant died moie quickly. Unly 
plants arising from zygotes which had been produced in culture continued to grow 
satisfactorily in liquid culture for as long as a year or more. These plants were remarkably 
constant in morphological characters and closely resembled the natural growth. Exhaustion 
of the nutritive content of the medium caused the cessation of growth, the terminal cells 


Text-fig. i. Rhizoidal prostrate system of plant grown in culture. 

The culture solutions used included Benecke and Volvox solution (see Juller, 1937), but 
the most satisfactory solution was one prepared by Mr Chu of this department (Chu, 1942). 
Modifications of this solution were made in accordance with analyses of the water of 
Lake Windermere in Jan.-March, details of which were supplied by the Freshwater 
Biological Station at Wray. It was in this solution that a second generation of zygotes 
was obtained. Its composition is as follows: ■ 

NH 4 C 1 0-00003 g-/l* Na 2 S 0 4 0*058 g./l. FeCl 3 0*00003 g */l. 

K 2 HP 0 4 0-028 g./l. K 2 Si 0 3 0-0025 g-/l« KNO s °* 2 5 g./l. 

MgS 0 4 0-08 g./l. CaC 0 3 o-oi g./l. 

together with soil extract or a small quantity of sterilized soil. NH 4 C 1 could be omitted 
and a higher concentration of FeCl 3 was tolerated. 



The process of reproduction * 


Zoospores are readily produced when the material is brought in from the natural habitat 
or transferred to fresh culture solution. One or several zoospores may be produced from 
a cell. When more than one are produced, they are separated by fine partition walls 
(PL 7, fig. i). The dimensions vary somewhat, depending on the size of the cell They 
are less commonly produced from the axial cells. The zoospores (macrozoospores) are 
4-flagellate, 5-9^ broad, 8-10 ^ long (Text-fig. 2). The eyespot is lateral, towards the 
middle of the body, as often recorded for other species. They always germinate by 
attaching themselves at the front end to a substratum, the body undergoing transverse 
division, and initially giving rise to an erect thread. The primary attachment is often 
by means of a small disk (cf. Fritsch, 1903; Juller, 1937). The part of the cell next to 
the substratum may from the first or later grow out into a pale or colourless rhizoid 
(cf. Gay, 1891, S. amoenum ; Fritsch, 1903, S . variabile). This subsequently undergoes 
a few divisions and small chloroplasts are formed. It branches (Text-fig. 1) and may 
be joined by other rhizoids growing down from cells of the 
thread above (cf. Fritsch, 1903, S. variabile) so that a small 
basal attaching system is produced. Its cells are, however, 
always narrower, longer and paler than those of the erect 
system, and rather irregular in shape. The 'primary ’ rhizoids 
(growing from the zoospore which has settled down) and 
'secondary’ rhizoids (growing from other cells) are identical 
in appearance. This plant has therefore no prostrate system 
but only a rhizoidal attaching system. Draparnaldia and 
possibly other species of Stigeoclonium are similar in this 
respect (see p. 299). On drying agar during the summer all 
the cells of the filaments occasionally became transformed 
without change of shape into orange-coloured akinetes. 

The microzoospores (Text-fig. 3) are perfectly distinct from the ordinary zoospores, 
and behave as gametes. They are 4-flagellate, 5^ broad, 7/x long, with a projecting 
eyespot towards the back end of the body. They are slightly paler than the zoospores. 
The observations of Klebs and others on the relative positions of the eyespots in macro- 
and microzoospores, and of Klebs and Iwanoff on the stronger attraction to light, and 
longer period of motility of the microzoospores, have been confirmed in the course of 
this work. The period of motility of the microzoospores was prolonged for 12-24 hr. 
by keeping them in constant illumination. 

Microzoospores are formed in all the cells by subdivision of the contents into an often 
large number of parts, which after their escape are seen to have been separated by fine 
partitions running in all directions relative to the long axis of the cell (Text-fig. 3, h) 
but most often transversely (Text-fig. 3,/, g; cf. also Berthold, 1878, pi. XV, fig. 3, of 
S. variabile ; cf. also plurilocular sporangium of Pylaiella), If the alga was brought into 
the laboratory and placed on agar for convenience of observation, large numbers of 
microzoospores were generally seen next morning. They generally continued motile for 
most of the day, beginning to copulate while others were still being released. Some were 
still motile on the second morning, but after two or three days all movement had ceased, 
the gametes having formed zygotes, although generally considerable numbers perished 


Text-fig. 2 . Macrozoospore, 
showing mid-lateral position of 
eyespot. 
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without fusion. Most or all of the original material had been used up in their formation. 
Copulation occurs during movement (Text-fig. 3). The first stage is apparently entangle- 
ment of flagella after which there is lateral fusion beginning at the front end. The zygote 
when first formed is still motile, and is conspicuous by its large size, its two eyespots, 
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Text-fig. 4. Zygospore, first generation ; (a) zygote still 
bearing eight flagella, two eyespots and containing, two 
pyrenoids; (b) zygospore seen from above, showing 
star-like shape and chloroplast; (c) zygospore seen from 
the side. 


Text-fig. 3. (a) microzoospores (gametes) showing 
projecting eyespotnear back end of body; (b)> (c), 

(d) stages of copulation; (<?) young zygote with thin 
wall; {/), (g), \h) filaments which have produced 
gametes showing partition walls which separated 
gametic individuals within the cells. Note especially 
the numerous partitions of the long cell in (/), and 
the vertical as well as transverse partitions in (h). 

and eight flagella (Text-fig. 4). In from 10 min. to | hr. the flagella are lost, and the 
zygote rounds off, secreting a membrane which is at first smooth but soon becomes 
polygonal (Text-figs. 3, 4). Within a few hours the characteristic shape, to a casual 
glance that of a star, has been developed. When the zygote is turned on its side (Text- 
figs. 4, 6), it is seen that the star is of some thickness with convex upper and lower faces, 
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and rounded sides bearing irregular rows of short blunt spines. The chloroplasts and ‘ 
eyespots of the fused gametes remain distinct inside the zygote for less than a day; 
before they are completely mature only a single irregular chloroplast is to be seen and 
the eyespots have disappeared. Presently the green colour begins to fade, the contents 
becoming highly refractive and progressively more opaque. Finally, the colour becomes 
bright orange with shining contents probably due to oil (PI. 8, fig. 2). The fact that 
the membrane is two-layered can be distinguished clearly only on germination. In 
liquid cultures most of the zygospores float on the surface from the first, their shape 
being suited to flotation, and they form a bright conspicuous orange layer at the water 
level. It may be supposed that they are left on the soil at the margin of the pond, as the 
water-level rises in summer. The mature state was attained during June. 

Germination of the zygote 

The zygotes remained in the living mature condition on agar, which was never allowed 
to dry completely, throughout the summer. Towards the end of the year the perfection 
of the stellate outline was somewhat lost and ^ 
there was generally a reversion to the polygonal 

contour. Germination occurred during January I if ]} 

or February if plentiful culture solution was 'V /y 

supplied. The shape of the zygotes became more, Q c 

and more rounded, while there was an increase 

in size, the oil disappeared gradually and the 

contents slowly became green. Increase in size 

continued until the zygote became a smooth / 

round object of nearly twice its original diameter. \ \ j z' * / 

Division of the cell contents into four parts with \\ j ^ 

eyespots then took place, after which a bulge /Gk /^] 

usually appeared at one side (Text-fig. 5, a). At 0 $^ j Oil 

this stage the contents of the spore are still retained nS/ (A 4 / 

within an inner membrane though the outer * fe/ 

membrane has broken. The inner membrane b W/ 

SOQn breaks also and four Zoospores are Suddenly Text-fig. 5. Germination of zygospore: 

expelled, sometimes becoming damaged in the (a) ruptured outer membrane, .inner membrane 
r 7 /r-n n sl\ * bulging out with contents divided into tour 

process. The zoospores (iext-tig. 5, o) m every parts; ^ single zoospore w y c h has escaped 

respect resembled the macrozoospores of the from zygospore; (c) membranes of empty 
ordinary filament, being 9^ broad and 11 p long, escap P d from it; from a culture on agar . The 
and they settle down and germinate in the same zoospores were unable to swim away before 
way as the macrozoospores. The germling ^ acquiring a wall, 
develops into a plant (PI. 8, fig. i) like that which produced the gametes. 

The remainder of the life-cycle was observed in a few cultures (grown from zygotes) 
which had been maintained from one spring to the next. The unnatural conditions of 
culture were probably the cause of sexual reproduction being delayed for a whole year, 
since there is no evidence that the plant exists in a filamentous condition in the habitat 
from June to December. In February microzoospores were produced in the cultures, 
but owing to their small numbers no good drawings could be obtained. The characteristic 
position of the eyespot was observed in them while in motion. Late stages in copulation 
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were seen (Text-fig. 6, a), and the zygotes, though rather smaller and slightly more 
irregular in shape, developed all the characteristic features which had been observed in 
those of the first generation (Text-fig. 6; PL 8, fig. 3). Their further fate was not followed. 

Four zoospores are the first product of germination of the zygospore. It is clear that 
the filaments arising from these four zoospores belong to the same phase of the life-cycle 
as the filaments collected from the natural habitat, since, like the 
latter, they give rise to gametes. Reduction therefore probably 
takes place in the first division in the zygospore, and the plant, 
with the exception of its zygote, is haploid throughout. 0 

An attempt to confirm these conclusions by chromosome 
counts was not successful. The nucleus (2*6 ju, broad) stained 
best with brasilin after osmic acid fixation. Prophase and 
metaphase stages of mitosis were obtained in material collected 
from the pond, provided it had not been in the laboratory for 

more than a day or two. The chromosomes were minute (less ^ 

than jj it long), and in the preparations obtained not sufficiently 

clearly defined to allow of photographic reproduction or an Text _ fi 6> ZygoS pore, 2nd 
accurate count. The number of chromosomes was estimated generation, in culture: (0) 
at between 11 and 16. No clear mitotic figures were obtained co P ulatlon 
from material kept in culture. The penetration of zygospores 
by fixative appeared to be slow. No evidence of meiosis was obtained. 

Periodicity 

In nature and to a great extent in culture this plant shows a remarkable and rigid 
periodicity (cf. Ulothrix) which may be summarized as follows: 

1. Jan. 1936-9, Apr. 1940 First appearance in habitat. 

(late spring) 

2. Jan. -Apr. -May Production of zoospores. 

3. Feb. -Apr. * Production of zoospores and microzoospores. 

4. Apr. -May Production of microzoospores only or mainly. 

5. June-Dee. Absent from habitat. Difficult to keep alive in culture, the 

plant becoming abnormal or palmelloid, with the ex- 
ception of those raised from zygotes. 

6. Jan, -Feb. 1938-40 Zygotes germinated in culture. 

7. Feb. 1940 Production of gametes in culture, by plants raised from 

zygotes. 

Attempts were made every year to induce gamete production and zygote germination 
out of season, without success. The methods tried included subjection to high and low 
temperatures, increased and reduced illumination, aeration, variations of culture solution 
by additions of glucose, vitamin C, auxins, soil extract, and increase and decrease of pH. 
Klehs induced the formation of microzoospores in Stigeoclonium by the addition of 
glucose, but these experiments were carried out in the spring, when their development 
may have been imminent in any case. 

Some prolongation of the life of collected material during the summer months was 
secured by keeping it at a temperature of about 8° C. and under reduced light intensity. 


Jan. -Apr. -May 
Feb.-Apr. 

Apr. -May 
June-Dee. 


6. Jan, -Feb. 1938-40 


Feb. 1940 
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Also germlings raised from zygotes in culture were eventually maintained throughout 
the summer in the laboratory, without morphological change. Even these plants, which 
are presumably physiologically adapted to culture conditions, produced their gametes - 
in spring only. 

I have also observed a spring maximum in Lake Windermere in a species believed to 
be S. amoenum although sexual reproduction was not noted. 

Comparison with some of the better known species of Stigeoclonium is most easily 
made by means of the table. These species appear to fall into two groups, the first of 
which has a more fluid type of life-cycle than the second. In the first group occur 
biflagellate s warmers, as well as two kinds of quadriflagellate ones, and the microzoospores, 
may be bi- or quadriflagellate, and may or may not copulate. The star-shaped zygote is 
characteristic of the second group. In S. amoenum (second group), by contrast to 
S. subspinosum as described by Juller (first group), there is no diploid vegetative phase, 
no germination of the microzoospores without copulation, and the life-cycle is simple, 
like that of Ulothrix . 

A point of interest is perhaps that in all these species the first germination stage of 
the macrozoospore, where this is known clearly, is an erect thread. The microzoospore, 
when not behaving as a gamete, similarly seems to germinate in a more or less constant 
manner, first forming a rounded cell which subsequently grows out on one or two sides 
into threads, at least one of which is often apparently prostrate, but there is not enough 
information on this last point for generalization. > 

A species, probably* 5. farctum, examined by the writer, gave rise to a quadriflagellate 
zoospore, which subsequently rounded off and grew out on opposite sides to form threads, 
one of which developed into the characteristic prostrate system of the species while the 
other was more or less arrested. This is in its first stage the same type of development 
as that of the microzoospore of group I in the table. It is just possible that this has some 
significance in relation to the life-history of S.farctum . # 

It would have been instructive if data on the development of the prostrate systems, 
if any, from the germlings arising from macro- and microzoospores could have been 
included in the table, but there are insufficient data. It is certain at least that in S . amoenum 
there is no real prostrate system; that from the base of the erect thread arises a lhizoidal 
system in no way different from secondary rhizoidal systems which may occasionally 
develop from other parts of the thread. The ‘prostrate system 5 of Draparnaldia looks 
very much the same. 

Summary 

The life-cycle of Stigeoclonium amoenum is described. There is a single vegetative phase 
which gives rise to gametes. 

In germination the contents of the zygospore divide to four parts which escape as 
zoospores. 

Germination of the zygote and production of gametes takes place in the early and late 
spring respectively. 

A tabular comparison with life-cycles of other species of Stigeoclonium is given. 

The author’s thanks are due to Prof. F. E. Fritsch, F.R.S., who suggested the problem 
and edited most of the manuscript; to Dr J. W. G. Lund for the original collection of 
material, and to Dr R. W. Butcher for material of Stigeoclonium spp. including S.farctum. 
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EXPLANATION OF PLATES 7 AND 8 t 

Plate 7 

Fig. x. Material from the habitat. Note small cells bearing opposite branches. Most of the long axial 
cells have become divided up by zoospore partitions but one or two undivided long cells with their narrow 
girdle chloroplasts may be seen. 

Fig. 2. Palmella developing on agar. The course of the filaments from which the palmella arose may be 
traced. 

Plate 8 

Fig. 1. A plant developed from zygospore produced in culture, showing long and short types of axial cells, 
the short ones bearing lateral branches. 

Fig. 2. Mature zygospore, first generation, with oil contents. 

Fig. 3. Zygospore, second generation in culture. 
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REVIEW § 

The Boylston Street Fish-weir: a study of the archaeology, biology and geology of a site ; 
on Boylston Street in the Back Bay District of Boston, Massachusetts. By Frederick 
Johnson and others. 7X 10 in. Pp. 212, with 14 plates. Papers of the Robert S. 
Peabody Foundation for Archaeology, vol. 2. Andover, Mass. : Phillips Academy, 
1942. Price $2.00. 

The past few years have witnessed a very determined attempt by North American scientists to 
lay down secure foundations for the prehistoric archaeology of their great continent : it has proved 
a task of considerable severity for suitable evidence, especially of a stratigraphic character, is 
infrequently found, and effective help by correlation with the great cultures of other continents can 
be expected to follow only in the most indirect way. We are going therefore in the next few decades 
to see a considerable assault made, and if so far advances are small, they nevertheless display the 
great initiative, imagination, and ability of the forces which will later achieve much. 

The present paper concerns the discovery of a humanly-fashioned structure of sharpened stakes 
driven into tidal mud, and now revealed in building and subway excavations under many feet of 
silt in the Back Bay District of Boston, Mass. Acute observation and quick realization of the 
opportunity led to a very intensive investigation of the provenance of this discovery. Various 
specialists contribute information concerning the mineral sediments, foraminifera, mollusca, the 
oysters (which grew very freely on and among the stakes), the diatoms, the identity and chemistry 
of the wood of the stakes, pollen analysis of the silt and of an underlying peat (which predates the 
artefact), etc. The introduction, the description of the disposition, condition, and character of the 
artefact, and discussion of the results have been written by Frederick Johnson who directed the 
work throughout. This form of presentation has the happy effect of permitting the specialists to 
give free expression to their own views, whilst the tempered and restrained judgement of the 
senior author keeps before the reader the much narrower field of what the data actually prove. 

A great many thousand narrow sharpened stakes were found driven into tidal silt ; they formed 
several aggregates into bands (most of which ran N. and S.) but they were also present in dense 
clusters forming no evident pattern. Only a fragment of the whole original structure was present. 

It seemed that the staking had been added to as time progressed, and as silting buried the bases 
of the oldest stakes, and it appeared from their transgression of a sloping peat bed that the stakes 
were set to a tide-level. This is borne out by the growth upon them of mollusca. The upper ends 
of the stakes are now all rounded and at a very uniform level, more likely due to weathering and 
eroding at the air-water surface than to an original setting to this limit. Particularly towards the 
top and base of the staking there were disposed among the stakes loose horizontal masses of brush, 
referred to rather unfortunately as ‘wattling’. From the title it will be apparent that the senior 
author favours the' view that this is a fragment of a fish-weir, and in an appendix he describes some 
types of present-day American fish-weirs. It is agreed however that this conclusion is merely 
tentative, and it is concluded from the evidence of the oysters that it might possibly have served 
the purpose of collecting oyster-spat. The curious aggregations of stakes and brush in lines and f 
masses much suggest to the reviewer methods used on East Anglian coasts and muddy estuaries 
for stabilizing tidal mud, but it seems unlikely that any save early white colonists would have used 
such a technique, and other evidence indicates that such colonists probably appeared long after 
this structure had been submerged and buried. All the same, one would like the assurance that 
among the thousands of stakes present, examination showed none to have the distinctive marks of 
cuts by metal axes on their sharpened bases. 

From a careful investigation of the local stratigraphy an attempt is made to reconstruct the 
history of the silting up of this part of the estuary of the Charles River, but very conflicting views 
as to the physiography appear in the book itself. This is in part due to the restricted area about 
which information is available, and in part to the very inadequate state of our knowledge of exactly 
how deposition can go on above a submerging coast-line. The work demonstrates very clearly 
how vital it is to get a thorough and accurate determination of the f peat ’ types encountered, if one 
is to deduce from them the conditions of deposition. In this instance the middle of the peat is 
acknowledged to be allochthonous, and the whole of the peaty layer has the character of a detritus 
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organic mud: this would explain its sloping nature and would modify the use made of this layer in 
deducing the relative position of land and sea-level when it was forming. Not only in America 
but in the established schools of Europe the advent of pollen-analysis has produced an undeserved 
and dangerous neglect of the technique of identification of peat types themselves. 

It must also be borne in mind that at the landward end of tidal rivers fresh-water autochthonous 
peat can form as low as mean sea-level, and fresh-water detritus peat can be laid down still lower. 
This happens in East Anglia at this moment. Moreover, should such a tidal river have a long and 
winding course to the sea whilst its upper reaches (just unaffected by tidal rise and fall) lie close to 
a low coastal belt, there is always the danger of a sudden break-through during storms, so that salt 
water invades the top of the river-system. With no change in level therefore, many feet of brackish- 
water silt may be formed very quickly indeed above the fresh-water peats and lake-muds. This 
again has recently happened in East Anglia, at least so far as the initial breach and flooding with 
saltwater. Such considerations as these materially affect the conclusions That the Fish-weir was 
used during a period of rising sea-level which began before the structure was built, and which may 
have lasted to the present-day ’, and That humans were living in the Charles River estuary at a 
time when the level of the sea, in relation to the land, was about fifteen feet eight inches lower than 
it is at the present time’. It is nevertheless fairly certain that a large relative rise in sea-level has 
occurred since the £ fish-weir * was constructed. 

An attempt is naturally made to correlate this evidence of early human activity in the estuary, 
not only with sea-level changes, but with alterations of climate such as may be indicated by the 
remains of organisms present in the estuarine deposits. These seem to show that the climate when 
the lower peat formed was slightly warmer than it is now, and that during deposition of the silt 
conditions became cooler. Two intensive pollen-analyses also bear upon the question of climate 
evolution, the first, by W. S. Benninghoff, concerning the lower peat, and the second, by A. S. 
Knox, concerning the silt. Each author has employed a technique of pollen preparation unfamiliar 
to European workers : Benninghoff used the method of Barghoorn and Bailey of alternate treatment 
with strong chlorine water and hot sodium sulphite, and Knox used a method of his own devising 
of removing the pollen from the mineral sediments by flotation and centrifuging in a bromoform- 
acetone mixture with a specific gravity of 2*35. It is to be hoped that a critical account will be 
given of the effectiveness of this second technique in comparison with the standard I~IF treatment. 
It must be confessed that the results of this careful work are indecisive, for the pollen diagrams, 
beyond showing a forest composition like that of the same region to-day, are very featureless, and 
there is as yet no determined sequence of pollen zones for that part of the eastern U.S.A. against 
which they can be matched. It is very interesting to find that comparison of the pollen in the silt 
and peat shows none of the great over-representation of conifers which is the common and 
explained characteristic of estuarine silts round the North Sea coasts (cf. Brinkmann, Polak, 
•Godwin and Clifford) : indeed the similarity of pollen spectra from peat and silt almost warrants 
the neglect to consider the possibility of secondary pollen in the silts. Knox has ingeniously and 
boldly correlated the peat and silt diagrams with a long marsh profile taken three miles from the 
fish-weir site, and has in turn attempted a correlation with the European climatic periods. Although 
these attempted correlations are not much more than guesses, the data on which they are formed 
will stand ready for incorporation into the wider body of information which will befiorejong define 
the course of post-glacial evolution of North America. We would suggest again the enormous value 
of detailed stratigraphic investigation of any peat lands which are being dealt with : careful working 
out of the lateral and vertical extension of different peat-layers will give far better basis for the 
recognition of dry and wet periods in the development of a lake or bog, than single profiles can evelr 
do, and the Wellington Marsh series would gain enormously in value if it were backed by data of 
this kind. As it is, one would hesitate to accept the view that its basal layers indicate climatic 
dryness, and upon this turns the whole attempted linkage with European periods and the dating 
which is tentatively proposed. 

More than ever it becomes apparent that these studies of the interaction of man and other 
organisms on the one hand, and of climate and physiographic agents on the other, fall into a field of 
‘ palaeo-ecology ’ which can be most readily explored by learning and applying the lessons of 
ecological studies in comparable regions and habitats at the present day. 

H. Godwin, 



